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ABSTRACT 
Multi-tiered braced frames (MT-BFs) are commonly used as lateral force resisting systems in tall 
single-story buildings such as performing arts and sports centers, industrial warehouses, and 
airplane hangars. Horizontal members (struts) are used to divide the tall single-story into several 
bracing panels or tiers, without intermediate floors or out-of-plane supports. Special conditions 
in MT-BFs during nonlinear seismic response lead to concentration of drifts in the tiers and 
impose additional flexural demands on the columns. These flexural demands, in combination 
with axial demands, can cause column instability and compromise the seismic performance of 
the frames. 
The seismic design provisions for multi-tiered ordinary concentrically braced frames (MT-
OCBFs) are assessed in this study. MT-OCBFs are intended to achieve modest levels of 
ductility, and a relatively simple design procedure is used for them. The current design approach, 
contained in the 2010 AISC Seismic Provisions, requires an axial force amplification for the 
columns. In contrast, the newest design approach, contained in the 2016 AISC Seismic 
Provisions, requires an additional axial force amplification to approximately account for imposed 
flexural demands on the columns. This new requirement leads to larger column sizes, which in 
turn can dramatically modify seismic response. A set of eighteen frames, with varying total 
frame height, brace configurations (X, chevron, and split-X), and tier heights, are designed as per 
both provisions. Their seismic performance is assessed by employing nonlinear static and time 
history analyses on a three-dimensional, numerical model developed using the OpenSees 
simulation platform. 
The results show that the 2010 AISC Seismic Provisions severely underestimate column 
demands in MT-OCBFs, leading to significant inelastic drift concentration in one tier and 
column buckling. The 2016 AISC Seismic Provisions lead to larger columns, which improve 
redistribution of inelastic drift over the frame height and reduce story drifts, but do not 
necessarily reduce inelastic drift concentration. Potential for brace loss due to low-cycle fatigue 
fracture is apparent in both designs. These new provisions reduce the propensity for column 
buckling, but it is not necessarily prevented.  Brace configuration also influences demands on the 
column. In general, the split-X configuration leads to larger in-plane flexural demands in taller 
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frames and onset of column buckling at small story drift values. In contrast, the shortest frames 
in this study exhibited relatively better performance with the chevron bracing configuration.  
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CHAPTER 1: INTRODUCTION  
1.1 BACKGROUND 
A multi-tiered braced frame (MT-BF) is created when a tall, single-story is divided into multiple 
bracing panels using horizontal struts, with no intermediate floor diaphragms or out-of-plane 
supports between the base and the story level. MT-BFs can be configured with braces in X, split-
X, V (chevron), and inverted-V arrangement, with uniform tier heights or with taller tiers 
depending on the project needs. Fig 1.1 (a)-(b) show two example bracing configurations in MT-
BFs. An MT-BF may be used as a lateral force resisting system in tall single-story steel 
structures such as industrial warehouses, airplane hangars, performing arts and convention 
centers, and stadiums. Fig 1.2 shows a multi-tiered braced frame in chevron configuration in a 
stadium.  
 
           (a)        (b)    
Figure 1.1 MT-BFs in single-story, steel buildings (a) 2-Tier X Bracing (Imanpour et al. 2016)     
(b) 4-Tier chevron bracing (Imanpour and Tremblay 2016).  
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Figure 1.2. Stacked chevron MT-BF at the AT & T Park in San Francisco, California 
(scientika.blogspot.com). 
In MT-BFs, the brace lengths are reduced compared to tall frames with a single bracing panel. 
This makes it easier to meet the strict slenderness requirements for ductile seismic design. In 
addition, the reduced length allows for smaller brace sections compared to the conventional 
single-brace or pair of braces over the full frame height. The smaller brace sizes lower the forces 
in traditionally capacity-designed components of the frame such as column, beams, and 
connections. Further, the struts at the tier levels provide in-plane bracing for the columns which 
can also reduce the column size and the amount of steel used. Thus, MT-BFs are a practical and 
economical alternative for single-story buildings or tall stories within multi-story buildings. 
Similar to a multi-story concentrically-braced frame (CBF), in a concentric MT-BF, the primary 
energy dissipation mechanism is expected to be brace inelastic response. In conventional bracing 
systems, this inelastic response is axial buckling in compression and yielding in tension, but 
special buckling restrained braces (BRBs) – which yield in tension and compression- are also 
used in the multi-tiered configuration. Only MT-BFs with buckling braces will be addressed 
here. In a typical MT-BF with equal tier heights, the nominal shear strengths will be identical in 
all tiers, but differences in adjacent tier strengths are likely to develop during the inelastic range 
of response. In a multi-story-story frame, mass is present at every floor level and inertial forces 
can develop, but in an MT-BF, forces cannot be transferred in or out of the frame at the tier 
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levels and any unbalanced horizontal forces that develop between adjacent tiers must be 
redistributed within the braced frame. Nonlinear static and dynamic analyses have shown that 
during a seismic event, brace buckling and tension yielding tend to concentrate in one tier. Thus, 
the inelastic deformations tend to concentrate in the critical tier in which brace tension yielding 
is initiated. Strength degradation in the post-buckling range of the compression brace further 
reduces the shear strength of the critical tier that results in increasing inelastic drift concentration 
in the same tier. This not only imposes excessive ductility demands on the braces of the critical 
tier, but also prevents tension yielding from occurring in adjacent tiers and imposes flexural 
demands on the columns. The induced in-plane flexural demands are not considered directly in 
current design practices, which along with the axial forces, makes the columns susceptible to 
instability. In general, braced frame columns are only designed for axial force. Column stability 
can be further compromised due to the lack of out-of-plane supports at the tier levels. Further, 
tier drift concentration can make the braces vulnerable to premature low-cycle fatigue fracture. 
This response is schematically illustrated for a 2-tier MT-BF in Fig 1.3, in which Tier 2 is the 
critical tier. In a frame with uniform tier heights, inherent variations in brace yielding capacity, 
boundary considerations, and frame imperfections govern the tier in which inelastic response is 
triggered. 
 
Figure 1.3. Concentration of inelastic demand and column buckling (Imanpour et al 2016b). 
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1.2 RESEARCH NEED 
In the past, seismic performance assessment of MT-BFs in the United States has been focused on 
isolated column studies and high-ductility systems or special concentrically-braced frames 
(SCBFs). This extensive research has been used to provide guidance for the design of MT-
SCBFs in the new 2016 AISC Seismic Provisions (AISC 341-16). However, guidance for multi-
tiered ordinary concentrically-braced frames (MT-OCBFs) is based on a limited initial 
evaluation, and there is need for a comprehensive study on the seismic response of MT-OCBFs 
to assess the effectiveness of the seismic design provisions and ascertain changes that may need 
to be introduced.  
1.3 RESEARCH SCOPE 
The objectives of this study are to assess the seismic behavior of MT-OCBFs that are 
proportioned using seismic design provisions (AISC 341-10 and AISC 341-16), and quantify 
demands that develop in the frames with focus on the columns. Three overall frame heights with 
identical bay widths are used in this study, and a variety of tier height ratios and bracing 
configurations are selected to populate the full design matrix. Both nonlinear static (pushover) 
and time history (dynamic) analyses are used for a comprehensive evaluation.  
1.4 ORGANIZATION 
This thesis comprises six chapters. Chapter 2 provides a summary of the relevant literature. In 
particular, it describes previous research as well as the seismic design provisions. Chapter 3 
describes the prototype steel building used in this study, the complete design matrix and a design 
example of a four-tiered X-braced OCBF, and a description of the numerical model used in 
analyses. Chapters 4 and 5 contains the results from the nonlinear static analysis and nonlinear 
time history analysis, respectively. Chapter 6 contains a summary of the research and concluding 
remarks. Additional details of the analysis results for all frames are provided in the appendices.
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CHAPTER 2: LITERATURE REVIEW 
This chapter provides an overview of prior research conducted on the seismic response of MT-
BFs and the buckling behavior of the columns in such systems. In addition, since this study 
heavily utilizes the AISC Seismic Provisions, a summary of both the current (used in design 
now) and newest (recently released) versions of the design guidelines is also included. 
2.1 PRIOR RESEARCH 
Previous research has been completed both at a component level (columns in MT-BFs) as well as 
at a system level (overall frame response). For a comprehensive and logical synopsis of past 
research, results from isolated column studies are discussed first, followed by studies that include 
the interaction between columns and other the components of an MT-BF.  
2.1.1 ISOLATED COLUMN RESPONSE 
As mentioned previously, column stability is of particular interest in the seismic response of MT-
BFs. Due to in-plane bracing from the struts, the columns in MT-BFs are typically oriented to 
resist strong-axis buckling over the full height of the frame. Inelastic tier drift concentration in 
MT-BFs induce weak-axis flexural demands on the columns, which in combination with the lack 
of intermediate out-of-plane supports, can compromise the stability of the columns. Preliminary 
investigations on column response considered isolated wide-flange shapes, designed for typical 
multi-tiered geometry and loading, to assess the effects of weak-axis flexure on the strong-axis 
buckling strength (Stoakes and Fahnestock 2012). A three-dimensional finite element model, 
including material and geometric nonlinearities and appropriate boundary conditions to simulate 
both torsion restrained and torsion free cases at the intermediate tier levels, was developed and 
used in the study. Weak-axis flexural yielding was induced in isolated columns subject to axial 
compressed as show in Fig 2.1.  
In-plane flexural rotations, in the range of 0.01 to 0.04 rad, were investigated for four column 
shapes (W12x65, W18x86, W24x 131, and W30x211). Fig 2.2 shows a plot of the axial 
compressive load as a function of the column mid-height deflection for the range of rotations 
applied at the mid-height and quarter-point to a W18x86 section for torsion free and torsion 
restraint at the tier levels. The strong-axis buckling capacity of the column reduces with larger 
weak-axis flexure. Further, the presence of torsional restraints was found to significantly 
improve the strong-axis buckling capacity of the columns. Fig 2.2 (c) shows that the buckling 
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strength also depends on the location of weak-axis flexural yielding, with yielding at mid-height 
being more detrimental to axial buckling capacity than yielding at a quarter-point location in the 
column. Additional results indicate that the impact on axial capacity is smaller for deeper column 
sections.  
 
Figure 2.1. Finite element model of a column with four tiers (Stoakes and Fahnestock 2012). 
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Figure 2.2. Compressive load vs. Mid-Height Deflection (a) torsion free and flexural yielding at 
mid-height; (b) torsion restrained and flexural yielding at mid-height; (c) torsion free and 
flexural yielding at quarter-point (Stoakes and Fahnestock 2012). 
 
This preliminary study was expanded to consider a variety of frame heights (40 ft, 60 ft, and 80 
ft) for the four column shapes, intermediate torsional restraints between torsion free and full 
torsion restraint, location and magnitude of in-plane column inelasticity, as well as single and 
distributed axial loads (Stoakes and Fahnestock 2016). Fig 2.3 illustrates the various 
combinations of axial loads and location of weak-axis inelasticity. The case shown in Fig 2.3 (b) 
is most representative of realistic condition in an MT-BF column.  
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Figure 2.3. Combination of axial load and location of flexural inelasticity (a) single axial load 
and inelasticity in Tiers 3 and 4; (b) distributed axial load and inelasticity in Tier 1; (c) 
distributed axial load and inelasticity in Tiers 1 and 2 (Stoakes and Fahnestock 2016).  
 
The results confirmed that in-plane flexure can significantly compromise the out-of-plane 
buckling capacity of the W columns and the impact is more severe without intermediate torsional 
bracing. The dependence of buckling strength on the location and magnitude of weak-axis 
flexural yielding is also evident. In addition, this study revealed that the reduction in strong-axis 
buckling capacity is larger for columns with greater global slenderness ratios as shown in Fig 
2.4. Trends for varying torsional restraints for the case when a single axial load is applied with 
inelasticity in Tiers 3 and 4, with the AISC column strength curve as a reference are also evident. 
9 
 
 
Figure 2.4. Normalized critical load vs. slenderness ratio (a) torsion free; (b) intermediate 
torsional restraint 1; (c) intermediate torsional restraint 2; (d) full torsional restraint (Stoakes and 
Fahnestock 2016). 
 
2.1.2 MUTLI-TIERED CONCENTRICALLY-BRACED FRAMES 
Prior studies on the seismic response of multi-tiered concentrically braced frames designed as 
per Canadian provisions prompted similar investigation of frames in the United States. Although 
not permitted by AISC at the time, an MT-BF designed as an SCBF was used for an initial study 
to assess their seismic performance (Imanpour et al 2013). A prototype 24 m tall, four-tiered 
MT-SCBF with X-bracing configuration was designed in accordance with the applicable seismic 
design provisions (ASCE 2010; AISC 2010a; AISC 2010b) and a numerical model was created 
using the OpenSees (McKenna and Fenves 2004) platform. A full model of the same frame was 
created in Abaqus FEA including the tier-level torsion restraint (Stoakes and Fahnestock 2014). 
A suite of 22 far-field ground motions proposed in FEMA P695 (FEMA 2009) and scaled to 
maximum considered earthquake (MCE) at the design period was used to conduct nonlinear time 
history analysis. Results for both models show that inelastic deformations concentrated in one 
tier. However, the maximum Panel 1 drift was reduced in the Abaqus FEA model due to the 
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inclusion of torsional restraints as shown in Fig 2.5 (a)-(b). A static pushover analysis on this 
model also demonstrated that torsional restraints improve the redistribution of inelastic demands 
over the full frame height. However, excessive ductility demand with potential for low-cycle 
fatigue fracture of the braces was evident in both models. In addition, the OpenSees model 
showed that the in-plane flexural demands imposed on the columns due to non-uniform 
distribution of inelastic demands led to weak-axis column buckling and some cases of out-of-
plane instability as well.  
 
(a) 
 
(b) 
Figure 2.5. Tier/panel drift ratio vs. time for Imperial Valley, El Centro #11 (a) OpenSees model 
(Imanpour et al 2013); (b) Abaqus FEA model (Stoakes and Fahnestock 2014). 
 
The single-frame case studies were expanded to a parametric study for a comprehensive 
assessment of MT-BF seismic response (Imanpour et al 2016b). A computationally efficient 
OpenSees model was validated against a finite element Abaqus FEA model, and the former was 
used to complete the parametric study. The results from nonlinear static analysis on a uniform 2-
tiered MT-BF are shown in Fig 2.6 (a)-(g). The results are in good agreement and concentration 
of drift in Tier 1 is predicted in both models. In-plane flexural buckling was observed in the 
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compression column due to plastic hinge formation at and within Tier 1. The study was 
expanded to consider a total of seven MT-SCBFs with varying configuration and number of tiers 
and analyzed using fiber-based numerical models with pinned column base boundary conditions. 
In most frames drifts were concentrated in Tier 1 and tension yielding was also limited to the 
same tier. The tier drifts were large enough to cause excessive inelastic demand on the braces, 
indicating likely subsequent fracture. Several cases of column buckling, due to induced in-plane 
flexure, were also observed in a majority of the frames. To explore potential solutions for the 
unsatisfactory seismic performance, the effects of different design strategies were also evaluated. 
One of the frames was redesigned as an SCBF with a larger response modification factor and 
also as an OCBF. Little improvement was observed in the seismic response of these redesigned 
frames. The performance of the frame was also reassessed with fixed column base boundary 
conditions, which showed reduction in tier drifts and better redistribution of inelastic brace 
response over the frame height.  
 
Figure 2.6. 2-tiered MT-BF response from pushover analysis (a) tier drift; (b) lateral load 
resistance; (c) brace axial forces; (d) in-plane bending moment in RHS (compression) column; 
(e) lateral displacement of RHS column at 40% Tier 1 height; (f) frame deformed shape in 
Abaqus; (g) frame deformed shape in OpenSees (Imanpour et al 2016b). 
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These studies revealed that current design procedures cannot accurately predict the demands 
imposed on the columns due to non-uniform tier drifts and may lead to unacceptable seismic 
response. Imanpour et al (2014; 2016c) proposed minimum in-plane flexural strength and 
stiffness requirements for the columns in 2-tiered MT-SCBFs with the goal to reduce inelastic 
drift concentration and thus, control the in-plane flexural demand in the column and the ductility 
demand on the braces. This desired braced frame response is illustrated in Fig 2.7. A prototype 
2-tiered MT-SCBF with unequal tier heights and W10x77 (Imanpour et al 2016c) column 
sections was used. The frame response under nonlinear static analysis showed drift concentration 
with tension yielding only in Tier 2 and subsequent column buckling. Similar behavior was 
observed in the nonlinear time history analysis using 22 ground motions. To eliminate this 
undesired behavior, minimum column strength and stiffness requirements were investigated.  
Two modified analysis steps were proposed to determine the axial load and in-plane moment 
demands in the column: (1) expected brace tension yielding is achieved in the critical tier (Tier 2 
in this case), while tension force in the non-critical tier (Tier 1) is less than the expected tensile 
force. Compression buckling is reached in both braces. This condition is shown in Fig 2.8 (a) and 
leads to the maximum axial demand in the column; (2) Expected brace tension is achieved in 
both tiers. Due to strength degradation, the compression brace in the critical tier is at the post-
buckling strength while the brace in the non-critical tier is at the compressive strength. This 
condition is shown in Fig 2.8 (b) and leads to the maximum difference in the unbalanced shear 
resistance from the braces to determine the in-plane moment demand. 
Figure 2.7 Desired braced frame response (Imanpour et al 2014). 
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  (a)                  (b) 
Figure 2.8. Proposed analysis conditions (a) Step 1; (b) Step 2 (Imanpour et al 2016c). 
 
In addition, a minimum stiffness requirement was imposed by limiting tier drifts to 2% to 
prevent low-cycle fatigue fracture in the braces due to excessive ductility demands. The column 
sizes were increased to W14x145 and W14x233 (Imanpour et al 2016c) based on the strength 
and stiffness requirements, respectively. Analysis results showed that tier drifts were more 
uniformly distributed and column instability was prevented with the larger sections. It was also 
confirmed that minimum strength requirements are not sufficient to eliminate the possibility of 
excessive inelastic brace demands. While the proposed requirements improved the MT-BF 
response, the estimate of the post-buckling strength of the braces, and thus column moment and 
tier drifts, may have been conservative in this case.  
In case of MT-BFs with more than two tiers, the individual frame properties dictate the sequence 
of brace tension yielding over the frame height making their response more complex and harder 
to predict. Imanpour and Tremblay (2016) have proposed two techniques to estimate the 
maximum in-plane flexural moments in the columns and the tier drifts for seismic design: (1) 
substructuring technique; and (2) stiffness analysis method. Both methods consider initiation of 
tension yielding in the critical tier and propagation of inelasticity in other tiers to achieve 
uniform tier distribution and column stability. The first method is based on a predetermined 
brace tension yielding sequence and only the relevant part of the frame is analyzed in each step 
to determine column demands. Finally, the selected column size is verified to ensure that tension 
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yielding can be triggered in the initially assumed number of tiers and that the drift ratio is 
acceptable. In the stiffness analysis method, the frame properties determine the progression of 
tension yielding in the frame. As such the nonlinear response of an MT-BF is more accurately 
predicted by this approach. The column is isolated from the MT-BF and an element stiffness 
matrix is assembled for analysis purposes. The results of both methods have been validated using 
nonlinear time history analysis and have proved to enhance seismic performance. However, the 
second method is more broadly applicable and is also more rigorous. The substructuring 
technique is simpler, but limited to frame with uniform tier heights and similar demand-to-
capacity ratio for the braces over the frame height.  
In addition to research that considers interaction between the MT-BF columns and other 
components of the frame, some work has also been done to assess the benefits of contribution 
from the gravity columns in the building structure. Imanpour et al (2016a) examined the 
possibility of engaging gravity columns in resisting in-plane flexural demands imposed on MT-
BFs during a seismic event. Gravity columns are tied to the braced frame columns for lateral 
support and are also forced to resist in-plane bending moments as shown in Fig 2.9. The effect of 
five design strategies was evaluated in this study: (1) AISC Seismic Provisions 2010 with no 
additional demands; (2) in-plane flexural demands resisted by braced frame columns only; (3) 
braced frame columns designed for axial load only and gravity columns designed for their share 
of in-plane moments; (4) braced frame columns designed for their share of in-plane demands; (5) 
braced frame and gravity columns designed to resist their share of in-plane demand based on 
their relative stiffness. A total of twelve different frame designs, with four tiers, were used with 
varying heights and tier height ratios. In this study, the braced frame system was also varied 
between SCBF and OCBF. All designs were evaluated using nonlinear static and time history 
analyses. Approach 3 was deemed unsuitable for design since several cases of column buckling 
were observed for both braced frame systems. The results showed acceptable seismic 
performance with approaches (4) and (5), however, the amount of steel required in the latter is 
higher than in the former. The benefit of considering interaction between the MT-BF and the 
gravity system was evident for the cases explored here.  
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Figure 2.9. MT-BF lateral response including gravity columns (Imanpour et al 2016a). 
 
In summary, prior research has revealed that in-plane bending moments must be considered for 
acceptable seismic design of MT-BF columns. Various techniques have been proposed to 
determine the additional demands and improve the overall seismic performance of MT-SCBFs in 
particular. 
2.2 SEISMIC DESIGN PROVISIONS 
If a structure is designed to remain elastic under a strong earthquake, uneconomically large 
member sizes are required and undesirably high accelerations will be induced during seismic 
response. Thus, it is common practice to design for reduced seismic forces for a more 
economical design, with the expectation that inelastic response will develop, and ductile 
detailing and capacity-based proportioning are required to ensure stable seismic response. In the 
ASCE 7 seismic design framework, the seismic response modification factor R is used to reduce 
the elastic lateral forces to obtain design level forces. The guidelines provided in the AISC 
Seismic Provisions are used for designing the components of the frames to achieve the intended 
ductility level or inelastic behavior of a system.  
The AISC Seismic Provisions contain systems with a range of expected behavior, from high to 
limited ductility, and systems that are intended to have high ductility possess more stringent 
detailing and capacity-design requirements than those intended to have limited ductility. In the 
category of braced frames with buckling braces, special concentrically-braced frames (SCBFs) 
are intended to have higher ductility and seismic performance than ordinary concentrically-
braced frames (OCBFs). In other words, SCBFs are designed and detailed to sustain significant 
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stable inelastic response during large seismic events, while OCBFs are expected to exhibit only 
modest levels of stable inelastic response. To achieve higher ductility and larger energy 
dissipation, additional design and detailing requirements are prescribed for SCBFs. 
Consequently, SCBFs are designed for lower seismic forces compared to OCBFs which are 
designed for higher seismic forces to accommodate their limited ductility. The provisions for 
SCBFs specify that the required strengths of the beams, columns and connections must be based 
on two mechanism analyses (details can be found in the 2010 AISC Seismic Provisions). The 
provisions also limit both global and local slenderness to limit local buckling and to ensure 
adequate ductility and cyclic behavior in the braces during seismic response. Further, the 
detailing requirements are intended to reduce the loss in compressive strength in the post-
buckling range. In addition to this, the gusset plate and beam-to-column connections of SCBFs 
have stringent detailing requirements to accommodate brace buckling and large story drifts. In 
contrast, the design procedure for OCBFs is relatively simple and involves modest detailing and 
proportioning requirements. The proportioning requirements can be viewed as a simplified and 
less stringent adaptation of the capacity design requirements for SCBFs. In the following 
sections, key ductile design requirements from the 2010 AISC Seismic Provisions – called 
“current” since it is the governing standard in present designs – and the 2016 Seismic Provisions 
– called “newest” since they were recently released and are not yet implemented in practice – are 
summarized for OCBFs. Note that the current provisions do not include special treatment of MT-
BFs, however, the newest provisions include the first generation of design guidelines for MT-
BFs. 
2.2.1 AISC SEISMIC PROVISIONS 2010 
The 2010 AISC Seismic Provisions (current) do not prescribe design guidelines for the MT-BF 
configuration, thus the details described here are those applicable to a multi-story OCBF. Since 
OCBFs are intended to serve as low-ductility systems, a rigorous capacity design procedure is 
not required. A simple approach to account for additional demands in the columns and the 
connections is to use the amplified seismic load effects, Ω0QE , where Ω0 is the system 
overstrength factor and QE is the horizontal earthquake effect from a static analysis. 
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Braces 
The braces are designed to resist the effects of the applicable load combination in compression. 
For OCBFs the bracing members are required to be moderately ductile members. Thus, limiting 
width-to-thickness ratio, λmd, for HSS walls is required to be less than or equal to 0.64√E Fy⁄ . 
Further, braces used in V or inverted-V configurations are required to have kL/r ≤ 4√E Fy⁄ . 
Columns 
Columns in OCBFs are required to resist the compressive and tensile effects from the applicable 
load combinations with the earthquake effect taken as the amplified seismic load. The Seismic 
Provisions do not impose additional slenderness requirements. 
Struts 
Strength requirements for beams (struts in MT-BFs) are only specified for bracing in V and 
inverted-V configuration. In this study, the struts in the X-braced frames are designed to resist 
the full frame seismic base shear compression, while the struts in V and inverted-V-braced 
frames are capacity designed to resist the combined axial and bending effects of the unbalanced 
load from the maximum brace forces that can be developed by the system: 
Strength in tension = minimum {Ω0QE ,RyFyAg}  
Strength in compression = 0.3Pn 
Where Ry is the ratio of the expected yield stress to the minimum specified yield stress, Fy, of the 
material, Ag is the gross cross-sectional area and Pn is the nominal compressive strength of the 
member. There are no slenderness requirements for seismic design. 
Connections 
The required strength of the diagonal brace connections is based on the amplified seismic load 
effect, with an upper bound given by the expected brace strengths in tension and compression. 
Thus, connection strength is given as follows: 
Tensile strength = minimum {Ω0QE, RyFyAg} 
Compressive strength = minimum {Ω0QE, RyFyAg, 1.14FcreAg} 
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Where Fcre is determined as per the provisions of AISC Specification Chapter E. 
2.2.2 AISC SEISMIC PROVISIONS 2016 
The 2016 AISC Seismic Provisions (newest) contain specific design guidelines for MT-BFs. In 
general, symmetrical brace pairs must be used in each tier and horizontal struts must be used at 
the tier levels to provide torsional bracing to the column. The overstrength seismic load, Ω0QE, is 
used for capacity-designed elements along with an additional factor of 1.5 on the horizontal 
seismic effects. The column design is further enhanced as described.  
Braces 
The braces are designed to resist the effects of the applicable load combination in compression. 
For OCBFs the braces are required to be moderately ductile members. Thus, the limiting width-
to-thickness ratio, λmd, for HSS walls is 0.76√E RyFy⁄ . Further, braces used in V or inverted-V 
configurations are required to have Lc/r ≤ 4√E Fy⁄ , where Lc is the effective length, kL, of the 
brace. 
Columns 
The axial strength of the column must consider the overstrength seismic loads with the additional 
1.5 factor for the horizontal seismic loads. In addition, out-of-plane moment induced by a 
minimum transverse notional load of 0.006 times the vertical component of the compression 
brace at every tier is included. There are no slenderness requirements for seismic design. 
Struts 
The earthquake load effects on the struts are taken as the overstrength seismic load with an 
additional factor of 1.5 for the horizontal seismic loads. For frames with V or inverted-V bracing, 
the struts are required to resist the combined axial force and bending moment from the following 
brace forces: 
Strength in tension = Ω0QE  
Strength in compression = 0.3Pn 
 
 
19 
 
Connections 
The required strength of the diagonal brace connections is based on the overstrength seismic load 
effect, including an amplification by 1.5 for the horizontal seismic loads. The upper bound is 
taken as the expected brace strengths in tension and compression. Thus, connection strength is 
given as follows: 
Tensile strength = minimum {1.5Ω0QE, RyFyAg} 
Compressive strength = minimum {1.5Ω0QE, RyFyAg, 1.1FcreAg} 
Where Fcre is determined as per the provisions of AISC Specification Chapter E
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CHAPTER 3: DESIGN MATRIX 
The prototype building used in this study is the same as that used in a previous MT-SCBF study 
(Imanpour et al 2013). An extensive design matrix that includes various frame heights, brace 
configurations, number of tiers, and tier height ratios is used for a comprehensive assessment of 
the seismic response of MT-OCBFs. A total of eighteen different frame configurations are 
considered and each is designed as per both 2010 and 2016 AISC Seismic Provisions.  
3.1 PROTOTYPE BUILDING AND FRAMES 
The frames are used as the lateral force resisting systems in a single-story industrial steel 
building that has 460 ft x 180 ft plan dimensions with 180 ft long roof trusses spanning its width. 
Four MT-BFs along the building perimeter are considered in each of the two orthogonal 
directions. The three frame heights are 40 ft, 60 ft, and 80 ft, all with the same bay width of 20 ft, 
and aspects ratios of 2:1, 3:1, and 4:1, respectively. All frames are designed as OCBFs with a 
response modification coefficient R = 3.25, deflection amplification factor Cd = 3.25, and system 
overstrength factor Ω0 = 2.0. Seismic design is in accordance with ASCE 7-10 (ASCE 2010) and 
members and connections are designed as per the provisions of AISC 360-10 Specification 
(AISC 2010b) and AISC 341-10 or AISC 341-16.  
Each frame is assigned a unique name that describes the geometry and design of that frame. An 
example name is OCBF10-4-4X-U where the components of the name describe (1) the seismic 
provision used to design the frame where 10 and 16 refer to designs in accordance with AISC 
341-10 and AISC 341-16, respectively; (2) frame aspect ratio where 2, 3, 4 refer to frames with 
heights of 40 ft, 60ft and 80 ft , respectively; (3) the number of tiers that vary between 2 and 8, 
and bracing configuration where X, CHV, and SX denote X, chevron and split-X bracing 
configurations, respectively; and (4) uniformity of tier height ratio over the frame height where 
U indicates equal or uniform tier heights and NU indicates a taller first tier or non-uniform tier 
height. 
Within the ASCE framework, the design basis earthquake (DBE) spectra is obtained from the 
maximum considered earthquake (MCE) spectra. The MCE-level demand accounts for location 
and soil properties and is based on the typical shape of the response spectrum. The following 
equations are used to define the MCE spectral accelerations in the short period range and at a 
period of 1 second: 
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   SMS = FaSS                       (3.1) 
   SM1 =FvS1            (3.2) 
where SS and S1 are mapped spectral accelerations in the short period range and at 1 second, 
respectively, and Fa and Fv are site coefficients based on the site class. The corresponding DBE-
level demand is given by the following equations: 
   SDS = 
2
3
 SMS            (3.3) 
   SD1 = 
2
3
 SM1            (3.4) 
In the full DBE spectrum, for periods less than T0 , the spectral acceleration is given by: 
   Sa = SDS (0.4 + 0.6
T
T0
)          (3.5) 
where T is the period of the structure and T0 is given by the following equations: 
   T0= 0.2TS            (3.6) 
   TS = 
SD1
SDS
            (3.7) 
For periods in the range of T0 and Ts, the spectral acceleration is given by SDS. 
For periods greater than Ts but less than the long-transition period, TL, the spectral acceleration is 
given by: 
   Sa = 
SD1
T
            (3.8) 
For periods greater than TL, the following equation is applicable: 
   Sa  = 
SD1TL
T2
            (3.9) 
The design base shear is computed using the equivalent lateral force procedure where the seismic 
response coefficient, Cs, is computed using the following equation: 
   Cs = 
SDS
(
R
Ie
)
  ≤  
SD1
T(
R
Ie
)
         (3.10) 
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where R and Ie are the response modification coefficient and importance factor for earthquake, 
respectively. 
For purposes of seismic design, the building is assumed to be in coastal California, on Site Class 
D with Seismic Design Category D (SDC D), Risk Category II with an importance factor for 
earthquakes, Ie, of 1. The seismic design parameters and gravity loads are summarized in Table 
3.1. A 10% amplification is included for accidental eccentricity between the centers of mass and 
stiffness. The design fundamental period (CuTa), seismic response coefficient (Cs), seismic 
weight, and design base shear are summarized in Table 3.2 for each of the three frame heights. 
Table 3.1. Summary of design response spectrum and structural loads. 
Parameter Value 
Fa 1.0 
Fv 1.5 
SS 1.5g 
S1 0.6g 
SDS 1.0g 
SD1 0.6g 
Roof dead load 25 psf 
Roof live load neglected 
Exterior wall weight 25 psf 
 
Table 3.2. Summary of primary seismic design parameters. 
Parameter Aspect ratio = 2 Aspect ratio = 3 Aspect ratio = 4 
CuTa 0.44 seconds 0.60 seconds 0.74 seconds 
Cs 0.308 0.308 0.249 
Seismic weight 2710 kips 3030 kips 3350 kips 
Design base shear  230 kips 257 kips 230 kips 
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The braces are designed to resist the combined effect of gravity and seismic loads in 
compression. HSS sections with ASTM A1085 material specification are used for the braces. 
The columns of the braced frames are continuous over the frame height and are proportioned to 
resist the axial load effects from gravity and seismic loading, including the vertical earthquake 
effect. The horizontal earthquake effect is appropriately amplified. W sections oriented for weak-
axis bending in-plane and ASTM A992 material specification are used for both the columns and 
struts. However, the struts are oriented for strong-axis bending in-plane for chevron frames 
where an unbalanced vertical force is applicable. Pinned end conditions are assumed for both the 
columns and the struts. Further, it is assumed that the struts provide in-plane and torsional 
restraints to the column. 
3.2 CASE STUDY FRAME 
The key design aspects for OCBF10-4-4X-U and OCBF16-4-4X-U are described in this section.  
The braces are designed with an effective length factor of 0.45 (Imanpour et al 2013) on the 
workpoint length. The required compressive strength of the braces is 166 kips and an HSS 5x5x3/8 
section is selected to resist this load. The columns in OCBF10-4-4X-U are designed to resist a 
compressive load of 1673 kips while the columns in OCBF16-4-4X-U are designed to resist the 
combined effects of an axial load of 2478 kips and an out-of-plane moment of 28.5 kip-ft. 
W27x178 and W30x261 sections are selected to resist the Due to the variation of axial loads over 
the height, effective length factors of 0.80 and 0.79 (Imanpour et al 2013; Dalal 1969) are used for 
in-plane and out-of-plane flexural buckling, respectively. The struts of this frame are designed to 
resist the full design base shear of 230 kips in compression, with a 50% amplification where 
applicable. W8x48 and W12x87 sections are selected for OCBF10-4-4X-U and OCBF16-4-4X-U, 
respectively. 
The story drifts under the seismic loads computed based on an eigenvalue analysis of the structure 
are checked against the ASCE7-10 requirements. The design story drifts of OCBF10-4-4X-U and 
OCBF16-4-4X-U under the design basis earthquake (DBE), CdΔe/h are 0.73% and 0.67%, 
respectively and both are less than an allowable drift ratio of 2%. In addition, the story drift ratio 
under MCE was estimated as 50% more than the design ratio, 1.5CdΔe/h and equal to 1.09% and 
1.00% respectively. The gusset plate connections of the frames are also appropriately designed, 
but are not detailed in this document.  
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All other frames are designed similarly. Figs 3.1, 3.2, and 3.3 show the geometries, section sizes, 
computed period and design story drift for frames with aspect ratios of 2, 3 and 4, respectively. 
Frames with V and inverted-V brace configurations have additional brace slenderness 
considerations (effective length factor for braces is 1 in this case) and capacity design 
requirements. As mentioned previously, the struts need to be oriented for strong-axis bending in-
plane to accommodate the flexural demands arising from the unbalanced vertical force. It should 
also be noted that despite differences in the design forces for the struts in adjacent tiers, the same 
section is specified in all the tiers for a more practical design.  
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FRAME BRACE COLUMN STRUT PERIOD (s) Design Story Drift (%) 
OCBF10-2X-U HSS 5x5x3/8 W18x86 W8x48 0.60 0.81 
OCBF16-2X-U HSS 5x5x3/8 W21x122 W12x87 0.57 0.73 
OCBF10-2X-NU HSS 5.5x5.5x3/8 
HSS 4.5x4.5x3/8 
W18x97 W8x48 0.60 0.80 
OCBF16-2X-NU HSS 5.5x5.5x3/8 
HSS 4.5x4.5x3/8 
W24x131 W12x87 0.58 0.74 
                                                                                                                                                                                               
 
 
FRAME BRACE COLUMN STRUT PERIOD (s) Design Story Drift (%) 
OCBF10-4CHV-U HSS 5.5x5.5x5/16 W16x77 W24x146 0.58 0.71 
OCBF16-4CHV-U HSS 5.5x5.5x5/16 W18x106 W24x162 0.56 0.68 
OCBF10-3CHV-NU HSS 6x6x3/8 
HSS 5.5x5.5x5/16 
W16x77 W24x192 0.61 0.73 
OCBF16-3CHV-NU HSS 6x6x3/8 
HSS 5.5x5.5x5/16 
W18x97 W27x178 0.59 0.78 
   
                                                                                                                                                                                                
                                                                                                                                                                                                                                            
 
FRAME BRACE COLUMN STRUT PERIOD (s) Design Story Drift (%) 
OCBF10-4SX-U HSS 5.5x5.5x5/16 W16x77 W8x48 0.62 0.81 
OCBF16-4SX-U HSS 5.5x5.5x5/16 W18x106 W12x87 0.59 0.76 
 
 
 
Figure 3.1. Geometry and member sizes for frames with aspect ratio 2. 
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FRAME BRACE COLUMN STRUT PERIOD (s) Design Story Drift (%) 
OCBF10-3X-U HSS 5.5x5.5x5/16 W24x146 W10x49 0.84 0.74 
OCBF16-3X-U HSS 5.5x5.5x5/16 W30x211 W12x96 0.79 0.69 
OCBF10-4X-U HSS 5x5x5/16 W24x146 W10x49 0.85 0.75 
OCBF16-4X-NU HSS 5x5x5/16 W27x194 W12x96 0.80 0.72 
OCBF10-3X-NU HSS 6x6x1/2 
HSS 5x5x5/16 
W27x178 W10x49 0.79 0.70 
OCBF16-3X-NU HSS 6x6x1/2 
HSS 5x5x5/16 
W30x235 W12x96 0.75 0.67 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Geometry and member sizes for frames with aspect ratio 3. 
FRAME BRACE COLUMN STRUT PERIOD (s) Design Story Drift (%) 
OCBF10-3CHV-U HSS 8x8x1/2 W21x122 W30x211 0.75 0.66 
OCBF16-3CHV-U HSS 8x8x1/2 W24x176 W30x211 0.71 0.63 
OCBF10-4CHV-U HSS 7x7x1/2 W24x131 W27x178 0.71 0.64 
OCBF16-4CHV-U HSS 7x7x1/2 W27x178 W27x194 0.67 0.67 
FRAME BRACE COLUMN STRUT PERIOD (s) Design Story Drift (%) 
OCBF10-3SX-U HSS 8x8x1/2 W21x122 W30x211 
W10x49 
0.82 0.73 
OCBF16-3XS-U HSS 8x8x1/2 W24x176 W30x211 
W12x96 
0.76 0.68 
OCBF10-4SX-U HSS 7x7x1/2 W24x131 W10x49 0.77 0.68 
OCBF16-4SX-U HSS 7x7x1/2 W24x176 W12x96 0.72 0.64 
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FRAME BRACE COLUMN STRUT PERIOD (s) Design Story Drift (%) 
OCBF10-4X-U HSS 5x5x3/8 W27x178 W8x48 1.09 0.73 
OCBF16-4X-U HSS 5x5x3/8 W30x261 W12x87 1.00 0.67 
OCBF10-5X-U HSS 5x5x5/16 W27x178 W8x48 1.11 0.75 
OCBF16-5X-U HSS 5x5x5/16 W30x261 W12x87 1.02 0.69 
OCBF10-4X-NU HSS 7x7x1/2 
HSS 5x5x5/16 
W30x235 W8x48 1.02 0.68 
OCBF16-4X-NU HSS 7x7x1/2 
HSS 5x5x5/16 
W36x302 W12x87 0.97 0.64 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                                             
Figure 3.3. Geometry and member sizes for frames with aspect ratio 4. 
FRAME BRACE COLUMN STRUT PERIOD (s) Design Story Drift (%) 
OCBF10-5CHV-U HSS 7x7x1/2 W24x176 W24x176 0.95 0.64 
OCBF16-5CHV-U HSS 7x7x1/2 W30x235 W27x178 0.89 0.60 
FRAME BRACE COLUMN STRUT PERIOD (s) Design Story Drift (%) 
OCBF10-5SX-U HSS 7x7x1/2 W24x176 W24x176 
W8x48 
1.02 0.69 
OCBF16-5SX-U HSS 7x7x1/2 W30x235 W27x178 
W12x87 
0.95 0.64 
OCBF10-8SX-U HSS 5.5x5.5x516 W27x178 W8x48 1.1 0.74 
OCBF16-8SX-U HSS 5.5x5.5x516 W30x261 W12x87 1.01 0.68 
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3.3 NUMERICAL MODEL 
The three-dimensional numerical model was created using the OpenSees (McKenna and Fenves 
2006) simulation platform. Fig 3.4 (a) shows a schematic of the overall frame model with the 
global reference axis alongside where the X-axis and Z-axis represent the in-plane and out-of-
plane directions, respectively. Non-linear beam-column elements with fiber-discrete cross-
sections that capture the buckling response of the member, are used to model the braces and 
columns. As an example, the fiber discretization for an HSS brace section is shown in Fig 3.4 
(c). The material stress-strain behavior is defined using the uniaxial Giuffre-Menegotto-Pinto 
(Steel02) material model. The nominal yield strength, Fy = 50 ksi, is specified for the columns 
while the expected yield strength, RyFy = 62.5 ksi, is specified for the braces. In frames with 
identical tier heights, the expected yield strength of braces in the first tier is reduced by 5% to 
account for inherent material variability, and to initiate inelastic brace behavior in the first tier in 
which the column segment carries the maximum axial load. The flanges and web of the W-shape 
for the column are assigned a linearly varying and constant residual stress pattern, respectively, 
using the following equations (Galambos and Ketter 1958): 
   FRC = 0.3Fy                            (3.11) 
   FRT = [
bf∗tf
bf∗tf + tw (d−2∗tf)
]FRC                                           (3.12) 
where FRC and FRT are the residual stresses for tension and compression, respectively. As shown 
in Fig 3.4 (d), the flange residual stress varies from FRC at the tips to FRT at the web-flange 
junction, and the web residual stress is constant at FRT. The roof beam and struts are modeled 
using elastic beam-column elements. The same is used to model the leaning column to account 
for P-Δ effects due to gravity loads. As shown in Fig 3.4 (b), bi-directional initial out-of-
straightness, with a half-sine profile and maximum amplitude of 1/1000 of the unsupported 
length (tier height for in-plane and full height for out-of-plane), is defined for the braced frame 
column. Initial imperfections are specified for the braces along the Z-axis (out-of-plane) as well. 
Pinned supports are simulated for the bases of the columns by restraining the three translational 
degrees of freedom and rotation about the Y-axis. Only the Z-axis (out-of-plane) translation and 
rotation about the Y-axis are restrained at the top of the braced frame columns. The roof beam 
and tier-level struts are pin-connected to the columns for flexure about Z-axis. For the roof beam, 
translation along the Z-axis is also restrained.  
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Figure 3.4. Schematic of OpenSees model (a) overall frame (excluding the leaning column); (b) 
column initial imperfections; (c) HSS fiber-discretization; (d) W-section residual stress pattern. 
 
Gusset plate connections have a significant impact on the buckling response of braces and a 
reasonable estimate of connection stiffness is required to predict the brace buckling capacity. A 
modeling approach proposed by Hsiao et al (2012) that simulates the effects of the gusset plate 
connections and captures brace buckling over a realistic length is used in this study. Stiff elastic 
beam-column elements, all extending from the connection work-point and with ten times the 
stiffness of the adjacent element, are used to simulate the connection zones at the member ends to 
ensure that plastic deformations occur outside the connection region, and that brace buckling 
occurs over a realistic length. The hysteretic out of-plane flexural response of the gusset plate is 
simulated through a nonlinear rotational spring at the brace end. Zero-length, non-linear rotational 
springs are used at the physical ends of the brace, at the transition between the stiff connection 
zone and the brace element. Identical rotational springs are used for the middle connection along 
(a) (b) 
(c) 
(d) 
      X-axis        Z-axis 
  (in-plane)  (out-of-plane) Z 
X 
Y 
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with stiff beam-column elements at the intersection zone. The initial and post-yielding stiffness is 
based on the geometry and proportions of the gusset plate. Equation 3.13 is used to estimate the 
gusset plate initial spring stiffness: 
   Kspring = 
E
Lave
(
Wwt
3
12
)                    (3.13) 
where E is the elastic modulus of steel, Ww is the Whitmore width, Lave is the mean of L1, L2, L3 
as show in the schematic, and t is the thickness of the gusset plate. The post-yielding stiffness is 
taken as 1% of the initial stiffness. In the case of tapered gusset plates, the angle used to determine 
the Whitmore section, and thus the Whitmore width, is typically smaller than 30 degrees. A 
schematic illustrating the above described connection model is shown in Fig 3.5.  
 
Figure 3.5. Example of proposed connection model (Hsiao et al 2012). 
 
Point masses representing the seismic weight of the structure are assigned at the top of the braced 
frame columns. Tributary gravity loads are applied to the braced frame and leaning column. 
Since MT-BFs only have one dynamic degree of freedom, mass proportional Rayleigh damping 
corresponding to 2% critical damping is used for the nonlinear time history analysis and ground 
accelerations are defined for the in-plane direction. An adaptive algorithm that cycles through the 
Newton and Krylov-Newton solvers is used for both the nonlinear static and dynamic analyses. 
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CHAPTER 4: NONLINEAR STATIC ANALYSIS 
Results from nonlinear static (pushover) analyses are discussed here. The response of selected 
frames is discussed in detail in terms of brace inelastic axial response, drift concentration, 
column demands and stability. The impact of brace configuration on frame response is also 
discussed. A summary of results from the full design matrix follows.  
4.1 NONLINEAR STATIC ANALYSIS  
In an MT-BF, the seismic mass is concentrated at the story level and inertial forces cannot 
develop at the tier levels. As a result, nonlinear static analysis can be used to reasonably estimate 
the dynamic response of the frame under the first large inelastic displacement cycle of an 
earthquake record. This analysis can provide insight into the evolution of demands in the 
columns due to inelastic drift concentration and the limit states that may occur in an MT-BF 
during a seismic event. 
MT-BF columns develop axial, in-plane moment, and out-of-plane moment demands during 
inelastic response and the relative contribution of each to column instability is assessed using the 
following three demand-to-capacity ratios (normalized demands): 
    p = 
Pu
Py
                     (4.1) 
    my = 
Muy
Mpy
                          (4.2) 
    mx = 
Mux
Mpx
             (4.3) 
where Pu, Muy, and Mux are the axial, in-plane moment, and out-of-plane moment demands on 
the column at a particular location in the MT-BF column, respectively. Py = AgFy is the squash 
load, Mpy = ZyFy is the weak-axis plastic moment capacity, and Mpx = ZxFy is the strong-axis 
plastic moment capacity. Ag is the cross-sectional area of the column, Zy and Zx are the weak-
axis and strong-axis plastic moments of inertia, respectively and Fy is the nominal yield strength. 
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Concentration of inelastic deformations in the frame can be evaluated by computing the drift 
concentration factor, DCF, as follows: 
           DCF = 
θtier,max
θstory
              (4.4)              
where θstory is the selected story drift value and θtier, max is the maximum of the corresponding 
drifts in any of the tiers. 
4.2 STATIC RESPONSE OF SELECT FRAMES 
The results from the pushover analysis of four frames are compared and contrasted here to 
highlight key response features. Fig 4.1 (a) shows an annotated overall pushover curve for 
OCBF10-4-4X-U. The frame exhibits linear elastic response until point [1] when brace buckling 
is initiated in Tier 1. Following this, buckling is initiated in Tiers 2, 3, and 4 in close succession 
as marked by points [2], [3], and [4], respectively. The frame reaches its maximum lateral 
resistance (base shear) when tension yielding is initiated in Tier 1 (critical tier) at point [4]. The 
lateral resistance of the frame begins to drop as the strength of the compression brace in Tier 1 
degrades in the post-buckling region. In addition, since the tension brace is being stretched in the 
inelastic region, Tier 1 drift also begins to diverge from the other tiers and increases rapidly after 
point [4] as shown in Fig 4.1 (b). The difference in tier drifts continues to rise steadily and 
inelastic drift concentrates in Tier 1 until the combined axial and flexural demands imposed on 
the column initiate buckling. This is marked as point [5] on the pushover curve. The 
concentration of inelastic drift is quantified using the drift concentration factor (DCF), which is 
2.68 at a story drift of 1.5%, when corresponding maximum Tier 1 drift is 4.02%. After column 
buckling, the lateral resistance of the frame drops significantly as the story drift continues to 
increase. The drifts in the non-critical tiers remain almost identical indicating that the top three 
tiers move as a rigid body on top of Tier 1 as the column buckles. At the estimated design story 
drift (DBE), all drifts remain below 2% of the respective tier heights. However, Tier 1 drift 
exceeds 2% at the estimated MCE story drift indicating potential for premature brace fracture. 
The above described brace axial response is shown in Fig 4.1 (c). As mentioned previously, all 
braces buckle in compression, however tension yielding is only triggered in Tier 1and tension 
yielding cannot occur in other tiers prior to column buckling. The strength of Tier 1 compression 
braces falls in the post-buckling region, while other compression braces unload after column 
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buckling. The deformed shape of the frame is shown in Fig 4.1 (d) and illustrates the buckled 
shape of the column in Tier 1. 
The development of demands in the compression column with increasing lateral story drift is 
examined more closely in Figs 4.1 (e) and 4.1 (f) that show the normalized demands at the mid-
height of Tier 1 and at Tier 1, respectively. At the time of column buckling, the out-of-plane 
demand, mx, is near its maximum value at mid-height. The in-plane flexural demand, my, 
increases gradually up to this point after which my increases rapidly while mx remains nearly 
constant. Similar response is seen at the Tier 1 level, however, mx changes signs after column 
buckling.   
Fig 4.2 (a) shows a similar annotated pushover curve for OCBF16-4-4X-U. This frame designed 
as per the new design provisions, which lead to larger columns, initially exhibits linear elastic 
response up to [1] when the Tier 1 compression brace buckles. Buckling of the compression 
braces in the adjacent two tiers is indicated by points [2] and [3]. A small drop in the base shear 
immediately follows each point due to drop in the compressive strength of the respective brace. 
The frame reaches its maximum lateral resistance when tension yielding occurs in Tier 1 at [1]. 
In contrast to OCBF10-4-4X-U, tension yielding is triggered and sustained in adjacent tiers as 
well. This is attributed to the enhanced column design in the new provisions. The improved 
distribution of inelastic tier drifts is evident in Fig 4.2 (b). The difference in tier drifts is 
negligible initially. Following brace buckling, the corresponding tier drift deviates. Drifts in all 
tiers remain below 2% at the design story drift. Despite large drift in Tier 1 before the estimated 
drift at MCE is reached, the improved redistribution of inelastic deformation demands is evident. 
The DCF in OCBF16-4-4X-U at a story drift of 1.5% is 2.20, which is lower than the DCF in 
OCBF10-4-4X-U, 2.68, at the same story drift. This also illustrates the relatively modest 
reduction of tier drift concentration in frames designed as per the newest provisions. The axial 
response of the braces is shown in Fig 4.2 (c) and illustrates that tension yielding and brace 
buckling progresses through the first three tier of the frame. Column buckling is prevented in this 
case as seen in Fig 4.2 (d) that shows the deformed shape of the frame at a story drift of 2%. The 
column demands are shown in Figs 4.2 (e) and (f). The flexural demands, my and mx, are 
relatively low compared to the column in OCBF10-4-4X-U and the column remains stable. 
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The comparison of the static response of the two frame designs shows that, for this particular 
configuration, the new design provisions successfully prevent column buckling and subsequent 
loss in the lateral resistance of the frame. Further, the enhanced column of the new design also 
triggers tension yielding in adjacent tiers allowing better redistribution of inelastic deformations 
over the frame height.  
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 (a)                                                            (b) 
 
(c)                                                            (d) 
 
(e)                                                            (f) 
Figure 4.1. Static response of OCBF10-4-4X-U (a) base shear vs. story drift (pushover curve); 
(b) Tier drift vs. story drift (c) brace axial response; (d) Deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                            (b) 
                           
(c)                                                            (d) 
                 
(e)                                                            (f) 
Figure 4.2. Static response of OCBF16-4-4X-U (a) base shear vs. story drift (pushover curve); 
(b) Tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level. 
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Results from the pushover analyses of three additional frames are evaluated next to assess the 
impact of tier height and brace configuration on frame response and column buckling. Note that 
for ease of comparison, only the base shear vs. story drift plot is shown here and the column size 
is shown alongside. Additional plots, showing tier drifts, brace axial response, deformed shape 
and column demands for each frame are included in the appendices. 
Figs 4.3 (a) and (b) show the pushover plot for a five tiered X-braced frame for the two design 
provisions. The column sizes used in these frames (W27x178 and W30x261, respectively) are 
the same as that in the corresponding four-tiered X-braced frame discussed previously, however, 
instability is prevented in this case due to the smaller in-plane unbraced length of the columns. 
Tension yielding is triggered in braces of the upper tiers and inelastic deformations are more 
evenly distributed over the frame. Thus, both sets of designs exhibit acceptable seismic response 
when the tier heights are smaller for the same bracing configuration.  
The five-tiered frame is also designed with chevron and split-X bracing and the pushover 
response curves for these are shown in Figs 4.3 (c)-(d) and Figs 4.3 (e)-(f), respectively. Inelastic 
drift concentration and subsequent column buckling is observed for all four frames designed as 
per both current and new design provisions. For chevron and split-X bracing in the frame, the 
enhanced column design does not prevent buckling, but delays it to larger story drifts. As 
described previously, column buckling occurs when mx is near its peak value and my increases 
rapidly after buckling is initiated. This again confirms the negative effect of out-of-plane flexure 
(due to lack of out-of-plane supports) in combination with in-plane column demands. Despite the 
same column size, the performance of the chevron frame is better than that of the split-X frame 
for the current design. Column buckling occurs almost immediately following brace buckling for 
the split-X configuration and the lateral resistance of the frame drops drastically, while buckling 
occurs at a larger story drift for the chevron frame. The reverse is true for the new design 
provisions where the split-X configuration shows improved distribution of inelastic demands 
over the frame and delays column buckling.  
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(a)                                                            (b) 
                    
(c)                                                            (d) 
                        
(e)                                                            (f) 
Figure 4.3. Base shear vs. story drift (a) OCBF10-4-5X-U (W27x128); (b) OCBF16-4-5X-U 
(W30x261); (c) OCBF10-4-5CHV-U (W24x176); (d) OCBF16-4-5X-U (W30x235) ; (e) 
OCBF10-4-5SX-U (W24x176); (f) OCBF16-4-5SX-U (W30x235). 
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To evaluate this difference in the response of the split-X frame and the corresponding chevron 
frame, it is instructive to look at the forces that develop in the members of each frame. Figs 4.4 
(a) and 4.4 (b) show the normalized axial demands, p, in the right hand side (RHS) column of 
OCBF10-4-5CHV-U and OCBF10-4-5SX-U, respectively, at a base shear value of 500 kips, 
respectively with the dashed lines indicating the tier levels in the frame. The “stepped” 
distribution of axial force in the tiers of the frame is as expected. For the chevron frame, which 
has braces framing in at the strut-column joint at every tier, the axial force increases at every tier 
level and the largest axial demand is in the lowest segment of the column. For the split-X frame, 
however, braces frame into the strut-column joint at every other tier level (Tiers 2 and 4 for the 
five-tiered split-X) and the axial force demand increases at only these locations; the largest axial 
demand is seen in the bottom two segments of the column. A comparison of the normalized axial 
demand, p, at each tier level shows that in Tiers 2 and 4, the axial demand is larger in the RHS 
column of the split-X, however, the axial demand in the Tier 1 (bottom) segment of the column 
is nearly identical. Figs 4.4 (c) and 4.4 (d) show the normalized in-plane moment demands, my, 
in the RHS column of the chevron and the split-X frame at the same base shear value of 500 
kips. For both frames, the largest in-plane moments increase up to a certain location in the frame 
and then begin to drop as indicated by the curved shape of the distribution and the maximum my 
in each frame develops at Tier 2. Further, the my value is higher in the split-X frame than in the 
chevron at each tier level. As an example, we focus on the horizontal force transferred to the 
column at Tier 1. Figs 4.5 (a) and 4.5 (b) show the forces in the Tier 1 strut at the same base 
shear value for the chevron and split-X, respectively. The inclined, dashed arrows represent the 
forces exerted on the struts by the braces. The sum of F1 and F2 obtained by resolving the brace 
forces into their horizontal components, represents the resultant force in the strut that is 
transferred to the columns. It is seen that the horizontal force in the chevron, 6.0 kips, is smaller 
than the horizontal force in the split-X, 11.9 kips. The same is true for the remaining tier levels 
although not illustrated in the figure. In fact, the largest difference is at Tier 2 (2.4 kips and 13.6 
kips for the chevron and split-X respectively) where the in-plane moment demand is the largest. 
Thus, larger horizontal forces are transferred at the tier levels in the split-X, and these larger 
unbalanced forces at the tier levels in turn induce larger moments in the column. It follows that at 
the same base shear value, bending demand is higher in the split-X frame than in the chevron and 
is responsible for column instability.  
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        (a)                                                                      (b) 
 
       (c)                                                                      (d) 
Figure 4.4. Normalized demands in RHS column at a base shear of 500 kips                                           
(a) axial in OCBF10-4-5CHV-U; (b) axial in OCBF10-4-5SX-U; (c) in-plane moment in 
OCBF10-4-5CHV-U; (d) in-plane moment in OCBF10-4-5SX-U. 
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       F1+F2 = 6.0 kips                                                    F1+F2 = 11.9 kips 
       (a)                                                                      (b) 
Figure 4.5. Forces in Tier 1 strut from braces at a base shear of 500 kips (a) OCBF10-4-5CHV-
U; (b) OCBF10-4-5SX-U.                                         
 
Additional causes for the difference in the response of the split-X and chevron frames need to be 
explored. One potential contributor to the difference may be the size of the struts at the tier 
levels. As mentioned previously, struts in chevron frames (as well as the top strut in the five-
tiered split-X) are designed for a combination of axial force and flexure due to the unbalanced 
vertical force in the middle from the braces, while the struts in split-X frames are designed only 
for axial forces. This requires a significantly larger section in the chevron (W24x176 in the 
current design; W27x178 in the newest design) than in the split-X (W8x48 in the current design; 
W12x87 in the newest design). The deeper sections in the chevron are oriented for strong-axis 
bending in-plane and can provide additional flexural restraint to the columns at the tier levels, 
while the shallower sections in the split-X are oriented for weak-axis bending in-plane. This 
leads to variation in the boundary conditions of the column at the tier levels.   
From the results discussed here, it is clear that the new design provisions do not alleviate the 
issue of inelastic drift concentration and column buckling for all cases. In addition, the brace 
configuration is also an important consideration. 
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4.3 SUMMARY OF STATIC RESPONSE 
Nonlinear static analysis was completed for the full set of frames and the overall results are 
discussed here. Table 4.1 shows a summary of the static frame response. Cases where column 
buckling was observed are marked with 1. The static response of the frame was unacceptable in 
sixteen out of the eighteen frames designed as per the current provisions. This shows that the 
current design practice severely underestimates the demands in the column, indicating that the 
minimum required strength of columns needs to be increased. The enhanced column section 
proved to be successful in only seven cases. For all other cases, column buckling was not 
prevented but delayed to large story drift values.  
Table 4.1. Summary of column buckling cases. 
FRAME AISC 341-10 AISC 341-16 
OCBF-2-2X-U 1 1 
OCBF-2-2X-NU 1 1 
OCBF-2-4CHV-U 1 1 
OCBF-2-3CHV-NU 1 0 
OCBF-2-4SX-U 1 1 
OCBF-3-3X-U 1 0  
OCBF-3-4X-U 1 0 
OCBF-3-3X-NU 1 1 
OCBF-3-3CHV-U 1 1 
OCBF-3-4CHV-U 1 1 
OCBF-3-3SX-U 1 1 
OCBF-3-4SX-U 1 1 
OCBF-4-4X-U 1 0 
OCBF-4-5X-U 0 0 
OCBF-4-4X-NU 1 0 
OCBF-4-5CHV-U 1 1 
OCBF-4-5SX-U 1 1 
OCBF-4-8SX-U 0 0 
Total 16 11 
 
For frames with aspect ratios of 3 and 4, the static response of the chevron frame was better than 
that of the corresponding split-X for the current provisions. For frames with an aspect ratio of 2, 
the response of the chevron was slightly worse than that of the corresponding split-X frame. As 
mentioned previously, factors such as strut size and orientation may influence the column 
boundary conditions at the tier levels and need to be investigated further. 
Thus, the evolution of in-plane and out-of-plane moments during nonlinear response, their 
interaction with axial loads, and the lack of out-of-plane supports at the tier levels are crucial 
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design considerations in MT-BF column design. Further, the results of the pushover analysis 
reveal that while the peak story and tier drifts decrease in general with the newest design 
provisions, the larger columns do not necessarily provide adequate stiffness to reduce drift 
concentration and the potential for brace failure due to low-cycle fatigue. Brace configuration is 
also seen to influence distribution of inelastic deformations in the frame, the demands imposed 
on the columns, and the overall seismic response of the frame. 
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CHAPTER 5: NONLINEAR TIME HISTORY ANALYSIS 
This chapter describes the ground motion records and the scaling procedure used to complete the 
nonlinear time history (dynamic) analysis. Results for the selected frames are discussed in detail 
and a summary of results from the full design matrix is included. 
5.1 GROUND MOTION SUITE AND SCALING 
The ground motion records for the nonlinear time history analyses were selected based on the 
recommendations from FEMA P695 for collapse assessment of buildings. In this study, the “Far-
Field” record set is used which refers to the ground motions recorded at distances greater than or 
equal to 6.2 miles (10 km) from the fault. A total of 22 ground motions, both first and second 
components, scaled to maximum considered earthquake (MCE) hazard level are used for the 
time history analysis. As mentioned previously, the structures are designed for DBE hazard level 
which is given by 2/3 of MCE. 
There are two steps to scaling the ground motion records: normalization and scaling. Each 
ground motion record is normalized by its peak ground velocity to eliminate inherent variability 
across the records. General information and the normalization factor for each ground motion is 
shown in Table 5.1 and is also available in the PEER NGA database. Note that the same 
normalization factor is used for both components of a record to maintain their relative strengths. 
The second step involves scaling the ground motions to MCE-level. The scaling factors can be 
obtained using the following equation: 
   Scaling Factor = 
Sa,ASCE
 Sa,PEER
         (5.1) 
where Sa,ASCE and Sa,PEER are the spectral acceleration values based on the ASCE 7-10 spectrum 
at MCE and the median from the PEER NGA Database at the computed fundamental period, T, 
of the structure. Thus, the median value of the scaled ground motion suite matches the ASCE 
MCE-level at T, but deviates at other periods. Figs 5.1, 5.2, and 5.3 show response spectra for 
the ground motion suite scaled for the frames with three different aspect ratios. Note that for 
clarity, the period range for which the plots are shown is limited to 2 seconds. 
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Table 5.1. Ground motion record information. 
GM # Name Recording Station Year Magnitude Normalization Factor 
1 Northridge Beverly Hills - Mulhol 1994 6.7 0.65 
2 Northridge Canyon Country - WLC 1994 6.7 0.83 
3 Duzce, Turkey Bolu 1999 7.1 0.63 
4 Hector Mine Hector 1999 7.1 1.09 
5 Imperial Valley Delta 1979 6.5 1.31 
6 Imperial Valley El Centro Array #11 1979 6.5 1.01 
7 Kobe, Japan Nishi-Akashi 1995 6.9 1.03 
8 Kobe, Japan Shin-Osaka 1995 6.9 1.10 
9 Kocaeli, Turkey Duzce 1999 7.5 0.69 
10 Kocaeli, Turkey Arcelik 1999 7.5 1.36 
11 Landers Yermo Fire Station 1992 7.3 0.99 
12 Landers Coolwater 1992 7.3 1.15 
13 Loma Prieta Capitola 1989 6.9 1.09 
14 Loma Prieta Gilroy Array #3 1989 6.9 0.88 
15 Manjil , Iran Abbar 1990 7.4 0.79 
16 Superstition Hills El Centro Imp. Co. 1987 6.5 0.87 
17 Superstition Hills Poe Road (temp) 1987 6.5 1.17 
18 Cape Mendocino Rio Dell Overpass 1992 7.0 0.82 
19 Chi-Chi, Taiwan CHY101 1999 7.6 0.41 
20 Chi-Chi, Taiwan TCU045 1999 7.6 0.96 
21 San Fernando LA – Hollywood Stor 1971 6.6 2.10 
22 Friuli, Italy Tolmezzo 1976 6.5 1.44 
 
Table 5.2. Scaling factor for the three frame aspect ratios. 
Aspect Ratio Period of Structure Scaling Factor 
2 0.44 2.00 
3 0.60 2.486 
4 0.74 2.449 
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Figure 5.1. DBE and MCE spectra from ASCE 7 with ground motion suite anchored to MCE for 
frames with aspect ratio 2. 
 
Figure 5.2. DBE and MCE spectra from ASCE 7 with ground motion suite anchored to MCE for 
frames with aspect ratio 3. 
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Figure 5.3. DBE and MCE spectra from ASCE 7 with ground motion suite anchored to MCE for 
frames with aspect ratio 4. 
 
5.2 DYNAMIC RESPONSE OF SELECT FRAMES 
Results from the dynamic analysis of the same four frames discussed in Chapter 4 are presented 
here for select ground motions. Fig 5.4 (a) shows the overall response history, base shear vs. time 
and tier drift vs. time, of OCBF10-4-4X-U (current) to the first component of GM#11 (1992 
Landers, Yermo Fire Station). The peak story drift under this ground motion reaches 2.55% 
which is about 3.5 times the design story drift (0.73%) for this frame. The tier drift histories 
show that the drift is most significant in Tier 1 and reaches a peak value of 5.25%, while drifts in 
other tiers remain below 2%. Significant drift concentration occurs as indicated by the drift 
concentration factor, DCF equal to 2.05, and is due to large inelastic deformations in Tier 1. In 
this case, the drift concentration causes buckling of the RHS column of the frame and consequent 
loss in the lateral resistance of the frame. This is illustrated clearly in Fig 5.4 (b) that shows base 
shear vs. story drift and the initial linear elastic response of the frame to the ground motion. In 
the inelastic range of response, the brace capacity degrades significantly at large deformations 
and unbalanced forces at tier levels increase. In turn, additional demands are imposed on the 
column and buckling is initiated as indicated by the rapidly decreasing base shear with increasing 
story drifts (similar to a pushover curve at column buckling). Following column buckling, the 
overall stability of the frame is compromised and the potential for collapse increases. Fig 5.4 (c) 
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shows the history of demands at two locations in the LHS and RHS columns. At the time of 
buckling (around 17 seconds), large in-plane moment, my, and out-of-plane moment, mx, 
demands are seen at the mid-height and at Tier 1 in the RHS column, while the axial demands, p, 
begin to drop. The in-plane flexural demands increase rapidly after this point as well. Column 
buckling also prevents tension yielding in the upper tiers of the frame as shown in Fig 5.4 (d), 
which worsens the drifts in Tier 1. In the plots, 1-1 represents the brace extending from the lower 
left corner to the upper right corner in Tier 1 and 1-2 represents the brace extending from the 
lower right corner to the upper left corner in Tier 1. Tension yielding is limited to the braces of 
Tier 1, while the other braces exhibit buckling and unloading response. The excessive ductility 
demand imposed on the braces during this ground motion are likely to cause low-cycle fatigue 
fracture in the braces and weakening of the primary energy dissipation mechanism (inelastic 
brace response) in the frame. 
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(a)                                                                      (b) 
  
(c)                                                                      (d) 
Figure 5.4. Dynamic response of OCBF10-4-4X-U to GM#11, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
 
Fig 5.5 (a) shows a similar time history of base shear, story drift, and tier drift under GM#11 for 
OCBF16-4-4X-U (newest). The peak story drift for this frame is 1.24% which is about 1.8 times 
the design story drift (0.67%) for this frame. The tier drift histories for this frame also show most 
significant drift in Tier 1 that reaches a peak of 3%. Drifts in all others tiers remain below 2%. 
The value of DCF for the newest frame is 2.29 and is higher than the corresponding value for the 
current frame, but the peak tier drifts are lower for the newest frame due to the larger column 
that reduces overall story and tier drifts. Fig 5.5 (b) shows stable response of the frame under the 
entire ground motion and illustrates that column buckling is prevented in this case. The peak p, 
my, and mx demands in the columns of this frame are lower than in the column of the current 
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frame design as well. Further, the larger column in this frame triggers tension yielding in the first 
two tiers of the frame as shown in Fig 5.5 (d). Even though the enhanced column design 
improves the seismic performance of the frame under this ground motion, significant drift 
concentration still occurs. Excessive ductility demands are imposed on Tier 1 braces of 
OCBF16-4-4X-U as well and fatigue failure is likely to occur. 
                    
(a)                                                                      (b) 
                    
(c)                                                                      (d) 
Figure 5.5. Dynamic response of OCBF16-4-4X-U to GM#11, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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Similar to the results presented in Chapter 4, the response of the four-tiered X-braced frame is 
also compared with that of a five-tiered X, chevron, and split-X frame to the first component of 
GM#11 (1992 Landers, Yermo Fire Station).  
Figs 5.6 (a) and (b) show the base shear vs. story drift plot for OCBF10-4-5X-U and                      
OCBF16-4-5X-U, respectively, with the column size noted alongside. Column stability is 
maintained in both the current and newest frames. The larger column size in the newest design 
reduces the peak story drift from 2.27% to 1.61% as shown in Table 5.3. Peak drifts in Tiers 1 
and 2 in both cases are larger than 2% which indicates potential for low-cycle fatigue fracture in 
the braces. Tier drifts are also significantly reduced with the larger column and the DCF values 
reflect more uniform distribution of inelastic deformations over the frame. As expected the axial 
force demands, p, in the column were also reduced for OCBF16-4-5X-U. In-plane bending 
moment in Tier 1, my1, is also reduced due to the larger column and the same trend is observed in 
other tiers as well. 
As noted in Table 5.3, in all cases the peak story drift and peak drifts in a majority of the tiers are 
lower in the newest design due to the larger column size. In addition, potential for low-cycle 
fatigue fracture is seen in Tier 1, except in OCBF10-4-5-CHV-U and OCBF10-4-5SX-U. In 
OCBF10-4-5SX-U, the LHS column of the frame buckles and overall frame stability is 
compromised as indicated by the shape of the plot in Fig 5.6 (e).  
A closer look at the peak column demands in Table 5.3 shows that the in-plane flexural demand 
is larger in the current split-X frame than in the corresponding chevron frame. The lateral 
resistance of corresponding chevron and split-X frames is similar, however, a larger portion of 
the base shear is resisted through column bending in the split-X frame as illustrated by the force 
transfer mechanism explained for the pushover analysis. For the newest split-X, the in-plane 
flexural demand is lower than in the corresponding chevron which is in agreement with the 
discussion in Chapter 4 as well.  
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Figure 5.6. Base shear vs. story drift response to GM#11, component 1 (a) OCBF10-4-5X-U 
(W27x128); (b) OCBF16-4-5X-U (W30x261); (c) OCBF10-4-5CHV-U (W24x176); (d) 
OCBF16-4-5CHV-U (W30x235); (e) OCBF10-4-5SX-U (W24x176);  (f) OCBF16-4-5SX-U 
(W30x235). 
 
   
(a) 
(e) 
(d) (c) 
(b) 
(f) 
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Table 5.3. Peak seismic response quantities for select frames for component 1 of GM#11. 
 
5.3 OVERALL RESPONSE SUMMARY 
Nonlinear time history analysis was completed for the full design matrix for both components of 
the 22 ground motions. Statistics of the peak seismic response quantities are summarized in the 
following tables. Tables 5.4 and 5.5 show the median and 84th percentile, respectively, of the 
peak seismic quantities from the converged analyses for frames with an aspect ratio of 4. Peak 
story drifts and column demands were larger in the current frame designs. The Tables also note 
the total number of column failure cases that may lead to frame collapse. All column failure 
cases occur in the current frame designs with the highest number of failure cases, 33, for the 
five-tiered split-X frame. Further, larger bending moment demands are induced in the split-X 
frame than in the corresponding chevron frame. 
Similar trends are seen in the frames with an aspect ratio of 3 and the statistics are presented in 
Tables 5.6-5.9. Nearly 91% (40 out of 44) of the current three-tiered split-X frames exhibit 
column failure, while the corresponding three-tiered chevron shows column failure under 50% of 
the ground motions. For frames with aspect ratio of 2, column buckling is prevented in all 
chevron and split-X frames, however, the bending demands in the columns of the split-X frames 
are higher. Example plots are provided in the appendices for each frame for select ground 
motions. 
The overall results from the dynamic analysis demonstrate the impact of brace configuration on 
the seismic performance of the frame. The results also show that while the enhanced design 
reduces column vulnerability to buckling, it does not alleviate the issue of inelastic drift 
concentration and consequent fatigue fracture in the braces. 
 
 
p1 my1 my2 my3 my4 my5
OCBF10-4-4X-U 2.55 5.25 1.58 1.70 1.71 - 0.57 0.72 0.66 0.57 0.30 - 2.05
OCBF16-4-4X-U 1.24 3.00 1.23 0.60 0.59 - 0.39 0.24 0.24 0.23 0.12 - 2.30
OCBF10-4-5X-U 2.27 6.11 3.42 0.65 0.63 0.65 0.56 0.37 0.44 0.43 0.34 0.17 2.69
OCBF16-4-5X-U 1.61 4.23 2.41 0.49 0.53 0.54 0.39 0.19 0.26 0.24 0.17 0.09 2.63
OCBF10-4-5CHV-U 0.73 1.66 0.43 0.53 0.61 0.64 0.78 0.61 0.64 0.64 0.48 0.48 2.28
OCBF16-4-5CHV-U 0.85 2.36 0.41 0.50 0.56 0.59 0.63 0.40 0.39 0.38 0.28 0.28 2.77
OCBF10-4-5SX-U 1.65 1.16 1.57 1.67 1.89 2.06 0.73 2.81 3.39 3.06 1.94 0.84 1.25
OCBF16-4-5SX-U 0.92 2.18 0.63 0.59 0.71 0.70 0.60 0.34 0.34 0.29 0.23 0.11 2.38
Peak of LHS and RHS column
FRAME
Story Drift 
(% )
 Tier 1 
Drift (% )
Tier 2 
Drift (% )
Tier 3 
Drift (% )
Tier 4 
Drift (% )
Tier 5 
Drift (% )
DCF
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Table 5.4. Median values of peak seismic response quantities for frames with aspect ratio of 4.  
 
 
Table 5.5. 84th percentile values of peak seismic response quantities for frames with aspect ratio of 4.  
 
 
 
 
p1 my1 my2 my3 my4 my5 my6 my7 my8
OCBF10-4-4X-U 1.06 2.38 0.64 0.72 0.72 - - - - 0.55 0.45 0.50 0.50 0.28 - - - - 2.21 2
OCBF16-4-4X-U 0.92 2.22 0.56 0.58 0.53 - - - - 0.38 0.18 0.19 0.18 0.09 - - - - 2.22 0
OCBF10-4-5X-U 1.02 2.56 0.58 0.57 0.63 0.65 - - - 0.55 0.32 0.35 0.35 0.26 0.14 - - - 2.66 0
OCBF16-4-5X-U 0.89 2.17 0.97 0.49 0.53 0.55 - - - 0.39 0.14 0.16 0.15 0.12 0.06 - - - 2.37 0
OCBF10-4-4X-NU 0.89 0.36 0.69 1.32 1.59 - - - - 0.38 0.21 0.22 0.20 0.11 - - - - 2.21 0
OCBF16-4-4X-NU 0.84 0.34 0.62 1.33 1.88 - - - - 0.31 0.09 0.09 0.09 0.05 - - - - 2.22 0
OCBF10-4-5CHV-U 0.77 1.81 0.43 0.54 0.61 0.65 - - - 0.77 0.56 0.61 0.61 0.46 0.45 - - - 2.20 13
OCBF16-4-5CHV-U 0.77 2.08 0.41 0.50 0.56 0.59 - - - 0.62 0.33 0.32 0.32 0.24 0.24 - - - 2.61 0
OCBF10-4-5SX-U 1.04 0.81 0.91 1.03 1.19 1.22 - - - 0.73 1.73 2.16 2.06 1.48 0.66 - - - 1.24 33
OCBF16-4-5SX-U 0.85 1.78 0.64 0.58 0.71 0.70 - - - 0.58 0.33 0.32 0.28 0.22 0.11 - - - 2.10 0
OCBF10-4-8SX-U 0.98 3.10 1.43 0.66 0.56 0.57 0.63 0.63 0.64 0.55 0.19 0.22 0.25 0.25 0.23 0.18 0.19 0.06 2.89 0
OCBF16-4-8SX-U 0.83 2.31 1.31 0.73 0.48 0.49 0.53 0.54 0.54 0.39 0.10 0.11 0.12 0.12 0.12 0.10 0.10 0.03 2.63 0
Tier 3 
Drift (% )
Tier 4 
Drift (% )
Tier 6 
Drift (% )
Tier 7 
Drift (% )
Tier 8 
Drift (% )
FRAME
Peak of LHS and RHS columnStory 
Drift (% )
 Tier 1 
Drift (% )
Tier 2 
Drift (% )
DCF
Column failure/ 
potential collapse
Tier 5 
Drift (% )
p1 my1 my2 my3 my4 my5 my6 my7 my8
OCBF10-4-4X-U 1.71 4.71 0.67 0.74 0.75 - - - - 0.57 0.47 0.58 0.58 0.31 - - - - 2.72 2
OCBF16-4-4X-U 1.38 3.11 1.49 0.61 0.60 - - - - 0.40 0.24 0.22 0.22 0.11 - - - - 2.40 0
OCBF10-4-5X-U 1.59 4.09 1.63 0.68 0.66 0.66 - - - 0.56 0.43 0.44 0.43 0.34 0.17 - - - 2.94 0
OCBF16-4-5X-U 1.38 3.38 2.01 0.56 0.54 0.55 - - - 0.39 0.17 0.21 0.19 0.14 0.07 - - - 2.55 0
OCBF10-4-4X-NU 1.28 0.36 2.23 2.12 2.54 - - - - 0.39 0.26 0.26 0.24 0.13 - - - - 2.58 0
OCBF16-4-4X-NU 1.11 0.34 1.63 1.81 2.67 - - - - 0.31 0.12 0.13 0.12 0.07 - - - - 2.45 0
OCBF10-4-5CHV-U 1.12 2.91 0.68 0.85 0.86 0.89 - - - 0.78 0.76 0.78 0.77 0.56 0.52 - - - 2.57 13
OCBF16-4-5CHV-U 1.16 3.76 0.46 0.50 0.56 0.59 - - - 0.63 0.40 0.39 0.38 0.28 0.28 - - - 3.23 0
OCBF10-4-5SX-U 1.94 1.76 1.68 1.95 2.20 2.22 - - - 0.74 2.95 3.62 3.27 2.06 0.89 - - - 1.36 33
OCBF16-4-5SX-U 1.21 3.30 1.08 0.59 0.71 0.70 - - - 0.60 0.40 0.39 0.32 0.24 0.12 - - - 2.72 0
OCBF10-4-8SX-U 1.68 4.80 3.12 2.15 0.92 0.58 0.63 0.64 0.65 0.56 0.25 0.28 0.32 0.32 0.28 0.22 0.22 0.07 3.25 0
OCBF16-4-8SX-U 1.14 3.00 2.25 1.48 0.73 0.50 0.54 0.54 0.54 0.40 0.13 0.13 0.15 0.15 0.13 0.11 0.11 0.04 2.83 0
Tier 7 
Drift (% )
Tier 8 
Drift (% )
Peak of LHS and RHS column
DCF
Column failure/ 
potential collapse
FRAME
Story 
Drift (% )
 Tier 1 
Drift (% )
Tier 2 
Drift (% )
Tier 3 
Drift (% )
Tier 4 
Drift (% )
Tier 5 
Drift (% )
Tier 6 
Drift (% )
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Table 5.6. Median values of peak seismic response quantities for frames with aspect ratio of 3.  
 
 
 
 
 
 
p1 my1 my2 my3 my4
OCBF10-3-3X-U 1.08 2.35 0.49 0.53 - 0.49 0.36 0.33 0.20 - 2.14 1
OCBF16-3-3X-U 0.99 2.14 0.43 0.46 - 0.34 0.18 0.15 0.09 - 2.10 0
OCBF10-3-4X-U 1.01 2.53 0.54 0.53 0.55 0.52 0.31 0.30 0.27 0.15 2.50 0
OCBF16-3-4X-U 0.96 2.41 0.50 0.48 0.49 0.40 0.19 0.17 0.14 0.08 2.35 0
OCBF10-3-3X-NU 1.00 0.35 1.45 2.40 - 0.37 0.15 0.17 0.13 - 2.18 0
OCBF16-3-3X-NU 0.94 0.32 1.26 2.09 - 0.29 0.08 0.09 0.08 - 2.15 0
OCBF10-3-3CHV-U 0.83 0.96 0.84 1.02 - 0.71 0.91 0.87 0.44 - 1.19 22
OCBF16-3-3CHV-U 0.80 1.57 0.44 0.50 - 0.54 0.46 0.43 0.25 - 1.96 0
OCBF10-3-4CHV-U 0.82 1.94 0.42 0.51 0.56 0.79 0.55 0.52 0.45 0.23 2.05 19
OCBF16-3-4CHV-U 0.67 1.45 0.40 0.47 0.50 0.62 0.34 0.31 0.27 0.14 2.18 0
OCBF10-3-3SX-U 1.54 1.27 1.60 1.68 - 0.61 1.47 1.44 0.70 - 1.13 40
OCBF16-3-3SX-U 0.95 1.67 0.62 0.60 - 0.54 0.50 0.50 0.21 - 1.71 0
OCBF10-3-4SX-U 1.09 0.99 1.10 1.18 1.19 0.77 1.02 1.00 0.71 0.32 1.11 34
OCBF16-3-4SX-U 0.96 2.21 0.62 0.57 0.64 0.61 0.46 0.45 0.30 0.16 2.11 0
Story 
Drift (% )
 Tier 1 
Drift (% )
Tier 2 
Drift (% )
Tier 3 
Drift (% )
Tier 4 
Drift (% )
Peak of LHS and RHS column Column failure/ 
potential collapse 
DCFFRAME
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Table 5.7. 84th percentile values of peak seismic response quantities for frames with aspect ratio of 3.  
 
 
p1 my1 my2 my3 my4
OCBF10-3-3X-U 1.74 4.26 0.59 0.55 - 0.51 0.43 0.38 0.23 - 2.36 1
OCBF16-3-3X-U 1.61 3.74 1.46 0.46 - 0.35 0.25 0.21 0.12 - 2.30 0
OCBF10-3-4X-U 1.56 4.19 0.61 0.54 0.56 0.53 0.45 0.37 0.30 0.17 2.79 0
OCBF16-3-4X-U 1.75 4.01 2.12 0.48 0.50 0.41 0.24 0.24 0.21 0.11 2.60 0
OCBF10-3-3X-NU 1.57 0.35 2.34 3.43 - 0.38 0.20 0.22 0.20 - 2.66 0
OCBF16-3-3X-NU 1.66 0.33 2.49 3.55 - 0.29 0.13 0.13 0.09 - 2.25 0
OCBF10-3-3CHV-U 1.79 1.77 1.86 2.15 - 0.77 1.55 1.41 0.60 - 1.74 22
OCBF16-3-3CHV-U 1.26 2.98 0.44 0.50 - 0.54 0.58 0.55 0.30 - 2.37 0
OCBF10-3-4CHV-U 1.51 3.10 0.93 1.11 1.11 0.81 0.95 0.87 0.65 0.30 2.45 19
OCBF16-3-4CHV-U 1.04 2.93 0.40 0.47 0.51 0.62 0.45 0.41 0.33 0.17 2.80 0
OCBF10-3-3SX-U 2.47 1.84 2.70 2.80 - 0.61 1.78 1.73 0.81 - 1.15 40
OCBF16-3-3SX-U 1.30 2.81 0.67 0.61 - 0.54 0.63 0.62 0.25 - 2.17 0
OCBF10-3-4SX-U 2.08 1.78 2.11 2.19 2.35 0.78 1.74 1.68 1.11 0.47 1.23 34
OCBF16-3-4SX-U 1.28 3.27 0.77 0.57 0.64 0.61 0.54 0.53 0.34 0.17 2.59 0
DCF
Column failure/ 
potential collapse 
FRAME
Story 
Drift (% )
 Tier 1 
Drift (% )
Tier 2 
Drift (% )
Tier 3 
Drift (% )
Tier 4 
Drift (% )
Peak of LHS and RHS column
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Table 5.8. Median values of peak seismic response quantities for frames with aspect ratio of 2.  
 
Table 5.9. 84th percentile values of peak seismic response quantities for frames with aspect ratio of 2.  
 
p1 my1 my2 my3 my4
OCBF10-2-2X-U 1.09 1.48 0.59 - - 0.55 0.51 0.48 - - 1.31 10
OCBF16-2-2X-U 1.00 1.63 0.48 - - 0.39 0.21 0.17 - - 1.63 0
OCBF10-2-2X-NU 1.04 1.24 0.63 - - 0.48 0.39 0.33 - - 1.17 14
OCBF16-2-2X-NU 1.01 1.33 0.52 - - 0.36 0.19 0.12 - - 1.40 0
OCBF10-2-4CHV-U 0.95 2.81 0.33 0.37 0.39 0.62 0.41 0.35 0.29 0.16 2.95 0
OCBF16-2-4CHV-U 0.75 2.06 0.33 0.34 0.36 0.47 0.26 0.21 0.18 0.10 2.68 0
OCBF10-2-3CHV-NU 1.01 0.29 1.19 1.06 - 0.47 0.15 0.31 0.22 - 1.95 1
OCBF16-2-3CHV-NU 0.93 0.28 1.10 1.63 - 0.38 0.10 0.16 0.16 - 1.92 0
OCBF10-2-4SX-U 1.11 2.68 0.71 0.45 0.49 0.60 0.42 0.41 0.28 0.15 2.59 0
OCBF16-2-4SX-U 0.99 2.71 0.74 0.41 0.43 0.45 0.29 0.27 0.17 0.09 2.59 0
Tier 3 
Drift (% )
Tier 4 
Drift (% )
FRAME
Peak of LHS and RHS column
DCF
Column failure/ 
potential collapse 
Story 
Drift (% )
 Tier 1 
Drift (% )
Tier 2 
Drift (% )
p1 my1 my2 my3 my4
OCBF10-2-2X-U 2.22 2.74 2.35 - - 0.56 1.01 0.85 - - 1.67 10
OCBF16-2-2X-U 1.66 2.95 0.52 - - 0.40 0.35 0.27 - - 1.79 0
OCBF10-2-2X-NU 2.41 2.45 2.64 - - 0.49 0.78 0.50 - - 1.40 14
OCBF16-2-2X-NU 1.64 2.36 0.56 - - 0.36 0.35 0.24 - - 1.48 0
OCBF10-2-4CHV-U 1.53 4.93 0.36 0.37 0.40 0.63 0.58 0.50 0.40 0.20 3.27 0
OCBF16-2-4CHV-U 1.18 3.49 0.37 0.35 0.36 0.49 0.35 0.29 0.23 0.13 3.08 0
OCBF10-2-3CHV-NU 1.59 0.48 2.31 3.10 - 0.49 0.23 0.42 0.31 - 2.40 1
OCBF16-2-3CHV-NU 1.45 0.29 1.70 2.72 - 0.39 0.14 0.23 0.21 - 2.20 0
OCBF10-2-4SX-U 1.61 4.22 1.23 0.65 0.50 0.61 0.57 0.56 0.38 0.20 2.82 0
OCBF16-2-4SX-U 1.63 4.51 1.14 0.54 0.44 0.45 0.36 0.34 0.20 0.11 2.82 0
Peak of LHS and RHS column
DCF
Column failure/ 
potential collapse 
FRAME
Story 
Drift (% )
 Tier 1 
Drift (% )
Tier 2 
Drift (% )
Tier 3 
Drift (% )
Tier 4 
Drift (% )
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CHAPTER 6: CONCLUSIONS 
The seismic design provisions for steel multi-tiered ordinary concentrically braced frames               
(MT-OCBFs), with conventional braces that buckle in compression and yield in tension, were 
evaluated in this study. A matrix of eighteen frames with three frame aspect ratios (4, 3 and 2), 
three different brace configurations (X, chevron, and split-X), varying number of tiers, and tier 
height ratios were designed in accordance with both the 2010 AISC Seismic Provisions (AISC 
341-10) that are currently used in design, and the newest 2016 AISC Seismic Provisions (AISC 
341-16) that were recently released. The current seismic provisions do not contain specific 
guidelines for the design of MT-BFs and use a simple axial force amplification to estimate 
column demands. The newest seismic provisions, however, contain special design requirements 
for MT-BFs. Extensive research on multi-tiered special concentrically braced frames (MT-
SCBFs) provides the basis for design strategies introduced in the new provisions for MT-SCBFs. 
These studies illustrate the fundamental seismic behavior of MT-BFs that leads to inelastic drift 
concentration and subsequent column buckling. These issues were explored in-depth, and 
minimum strength and stiffness requirements were proposed to achieve satisfactory seismic 
performance. Analysis methods have also been developed to predict drift distribution and 
column flexural demands more accurately for frames with multiple tiers and varying tier heights. 
In contrast, limited research has been conducted on MT-OCBFs. Additional amplification of 
axial forces is required in the new provisions for MT-OCBFs to approximately account for the 
imposed flexural demands on the columns – which leads to larger column sizes – and to maintain 
the relative simplicity of the design. This study assesses the effectiveness of the larger column in 
redistributing inelastic deformations in the frame, and preventing column buckling to maintain 
the stability of the frame during a seismic event. 
The performance of the two sets of frame designs was evaluated using nonlinear static 
(pushover) analysis. The study confirmed that frames designed as per the current provisions are 
inadequate. All frames exhibit an initial linear elastic response, then following brace 
compression buckling and tension yielding, differences in the shear strength of adjacent tiers lead 
to the development of unbalanced horizontal forces at the tier levels that manifest as additional 
flexural demands on the MT-OCBF columns. Non-uniform distribution of inelastic drift is seen 
in all the current frames and compression strength degradation in the post-buckling range further 
increases this drift concentration. Column buckling is observed in a majority, sixteen out of 
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eighteen, of the current frame designs, which also prevents tension yielding in adjacent tiers and 
indicates that total frame collapse is likely. Low-cycle fatigue fracture was not modeled for the 
braces in this study, however, the excessive inelastic deformations imposed on the braces are 
likely to cause premature brace failure. Fewer cases of column buckling, eleven out of eighteen, 
were observed in the newest frame designs, however, in a majority of the frames, column 
buckling was delayed to larger story drifts. Delayed column buckling allowed tension yielding to 
occur in adjacent tiers and improved the distribution of inelastic deformations over the frame 
height. Potential of brace fracture was reduced although not entirely eliminated. The pushover 
analysis revealed that overall performance of the newest frames was better than that of the 
corresponding current frames. 
The analysis results also demonstrate the effects of frame geometry and brace configuration on 
the seismic performance. Due to smaller in-plane unbraced lengths, frames with shorter tier 
heights are less prone to column instability despite the identical member sizes. Further, the brace 
configuration significantly affects the nature of demands imposed on the columns. In general, 
higher in-plane flexural moments were induced in the columns of the split-X frame than in the 
corresponding chevron frame. The columns in split-X frames buckle at much smaller story drifts 
and inelastic drift concentration is more severe as well.  
Nonlinear time history (dynamic) analysis was also used to assess the seismic performance of the 
frames. A suite of 22 ground motions with two components for each motion, scaled to maximum 
considered earthquake (MCE) level, was used for a comprehensive evaluation. The overall 
results of the converged dynamic analyses were in good agreement with the pushover analysis 
results. Median and 84th percentile of the peak story drifts and column demands were larger in 
the current frames than in the newest frames. Column buckling did not occur in any of the 
newest frame designs and tension yielding was triggered in adjacent tiers during inelastic seismic 
response. However, the statistics of the peak tier drifts showed that inelastic demands in the 
brace are still likely to cause brace fracture. 
As predicted by the pushover analyses, the in-plane flexural demands on the split-X frame 
columns were larger than in the corresponding chevron frame. The worse performance of the 
split-X frame is evident in the dynamic analysis – for frames with aspect ratio of 4, the current 
five-tiered chevron frame has 13 cases of column buckling while the current five-tiered split-X 
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frame has 33 cases of column buckling; the same trend is seen in frames with aspect ratios of 3 
and 2. The performance of the current three-tiered split-X (aspect ratio of 3) was the worst with 
40 cases of column buckling.  
This parametric study revealed key seismic response features of MT-OCBFs for both the current 
as well as the most recent seismic design provisions. The enhanced column sections are shown to 
possess adequate strength to prevent buckling in several cases, but the issue of inelastic drift 
concentration remains largely unresolved. Like in the case of MT-SCBFs, minimum stiffness 
requirements for MT-OCBF columns should also be evaluated to control inelastic drifts and to 
aid more uniform distribution throughout the frame. To this end, future work on MT-OCBFs will 
consider brace models that predict and simulate low-cycle fatigue fracture, and the influence of 
brace loss on column demands. The evolution of these demands and interaction among axial 
loads, and in-plane and out-of-plane moments are important design considerations for 
satisfactory seismic performance. The effect of brace configuration on the performance and 
development of forces in the frame members also needs to be studied in-depth. Strut size and 
orientation have been identified as potential contributors to the variation in the response of split-
X and chevron frames. Thus, analysis techniques that reasonably estimate the additional bending 
moments in the MT-OCBF columns, yet maintain the relative simplicity of the design procedure, 
are desired.
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APPENDIX A: OCBF10-2-2X-U 
                                                      
(a)                                                            (b) 
                                               
(c)                                                            (d) 
 
(e)                                                            (f) 
Figure A.1. Static response of OCBF10-2-2X-U (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                     
(c)                                                                      (d) 
Figure A.2. Dynamic response of OCBF10-2-2X-U to GM#11, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                    
(c)                                                                      (d) 
Figure A.3. Dynamic response of OCBF10-2-2X-U to GM#13, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX B: OCBF16-2-2X-U 
                                   
(a)                                                            (b) 
 
(c)                                                            (d) 
 
(e)                                                            (f) 
Figure B.1. Static response of OCBF16-2-2X-U (a) Base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift (c) Brace axial response (d) deformed shape; (e) Normalized column 
demands at mid-height of Tier 1; (f) Normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                      
(c)                                                                      (d) 
Figure B.2. Dynamic response of OCBF16-2-2X-U to GM#11, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                       
(c)                                                                      (d) 
Figure B.3. Dynamic response of OCBF16-2-2X-U to GM#13, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX C: OCBF10-2-2X-U 
 
                           
(a)                                                            (b) 
                  
(c)                                                            (d) 
                           
(e)                                                            (f) 
Figure C.1. Static response of OCBF10-2-2X-NU (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level. 
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(a)                                                                      (b) 
                     
(c)                                                                      (d) 
Figure C.2. Dynamic response of OCBF10-2-2X-NU to GM#20, component 2 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                    
(c)                                                                      (d) 
Figure C.3. Dynamic response of OCBF10-2-2X-NU to GM#21, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX D: OCBF16-2-2X-NU 
 
                                  
(a)                                                                      (b) 
                         
(c)                                                                      (d) 
                          
(e)                                                                      (f) 
Figure D.1. Static response of OCBF16-2-2X-NU (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level. 
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(a)                                                                      (b) 
                       
(c)                                                                      (d) 
Figure D.2. Dynamic response of OCBF16-2-2X-NU to GM#20, component 2 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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  (a)                                                                      (b) 
                     
(c)                                                                      (d) 
Figure D.3. Dynamic response of OCBF16-2-2X-NU  to GM#21, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX E: OCBF10-2-4CHV-U 
                    
(a)                                                                      (b) 
                        
(c)                                                                      (d) 
                                
(e)                                                                      (f) 
Figure E.1. Static response of OCBF10-2-4CHV-U (a) base shear vs. story drift (pushover 
curve); (b) tier drift vs. story drift (c) brace axial response; (d) deformed shape; (e) normalized 
column demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                   
(c)                                                                      (d) 
Figure E.2. Dynamic response of OCBF10-2-4CHV-U  to GM#1, component 1  (a) base shear 
vs. time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                       
(c)                                                                      (d) 
Figure E.3. Dynamic response of OCBF10-2-4CHV-U  to GM#3, component 2  (a) base shear 
vs. time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX F: OCBF16-2-4CHV-U 
                             
(a)                                                                      (b) 
                            
(c)                                                                      (d) 
                                 
(e)                                                                      (f) 
Figure F.1. Static response of OCBF16-2-4CHV-U (a) base shear vs. story drift (pushover 
curve); (b) tier drift vs. story drift; (c) brace axial response (d) deformed shape; (e) normalized 
column demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                    
(c)                                                                      (d) 
Figure F.2. Dynamic response of OCBF16-2-4CHV-U  to GM#1, component 1  (a) base shear 
vs. time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                  
(c)                                                                      (d) 
Figure F.3. Dynamic response of OCBF16-2-4CHV-U to GM#3, component 2  (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX G: OCBF10-2-3CHV-NU 
                                
(a)                                                                      (b) 
                                 
(c)                                                                      (d) 
                               
(e)                                                                      (f) 
Figure G.1. Static response of OCBF10-2-3CHV-NU (a) base shear vs. story drift (pushover 
curve); (b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized 
column demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                     
(c)                                                                      (d) 
Figure G.2. Dynamic response of OCBF10-2-3CHV-NU to GM#2, component 1 (a) base shear 
vs. time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
 
 
 
 
 
83 
 
                   
(a)                                                                      (b) 
                  
(c)                                                                      (d) 
Figure G.3. Dynamic response of OCBF10-2-3CHV-NU to GM#3, component 2 (a) base shear 
vs. time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX H: OCBF16-2-3CHV-NU 
                              
(a)                                                                      (b) 
                           
(c)                                                                      (d) 
                             
(e)                                                                      (f) 
Figure H.1. Static response of OCBF16-2-3CHV-NU (a) base shear vs. story drift (pushover 
curve); (b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized 
column demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                  
(c)                                                                      (d) 
Figure H.2. Dynamic response of OCBF16-2-3CHV-NU  to GM#2, component 1 (a) base shear 
vs. time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                  
(c)                                                                      (d) 
Figure H.3. Dynamic response of OCBF16-2-3CHV-NU  to GM#3, component 2 (a) base shear 
vs. time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX I: OCBF10-2-4SX-U 
                       
(a)                                                                      (b) 
                                    
(c)                                                                      (d)                                                  
                             
(e)                                                                      (f)                                                                      
Figure I.1. Static response of OCBF10-2-4SX-U (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                        
(c)                                                                      (d) 
Figure I.2. Dynamic response of OCBF10-2-4SX-U to GM#5, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
 
 
 
 
 
 
 
 
 
 
89 
 
                   
(a)                                                                      (b) 
               
(c)                                                                      (d) 
Figure I.3. Dynamic response of OCBF10-2-4SX-U to GM#11, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX J: OCBF16-2-4SX-U 
                                
(a)                                                                      (b) 
                              
(c)                                                                      (d) 
                              
(e)                                                                      (f) 
Figure J.1. Static response of OCBF16-2-4SX-U (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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   (a)                                                                      (b) 
                       
(c)                                                                      (d) 
Figure J.2. Dynamic response of OCBF16-2-4SX-U to GM#5, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
  
(c)                                                                      (d) 
Figure J.3. Dynamic response of OCBF16-2-4SX-U to GM#11, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX K: OCBF10-3-3X-U 
                             
(a)                                                                      (b) 
                         
(c)                                                                      (d) 
                            
(e)                                                                      (f) 
Figure K.1. Static response of OCBF10-3-3X-U (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
  
(c)                                                                      (d) 
Figure K.2. Dynamic response of OCBF10-3-3X-U to GM#5, component 2 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                                        
(c)                                                                      (d) 
Figure K.3. Dynamic response of OCBF10-3-3X-U to GM#13, component 2 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
 
 
96 
 
APPENDIX L: OCBF16-3-3X-U 
                                  
(a)                                                                      (b) 
                        
(c)                                                                      (d) 
                               
(e)                                                                      (f) 
Figure L.1. Static response of OCBF16-3-3X-U (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                                  
(c)                                                                      (d) 
Figure L.2. Dynamic response of OCBF16-3-3X-U to GM#5, component 2 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                                  
(c)                                                                      (d) 
Figure L.3. Dynamic response of OCBF16-3-3X-U to GM#13, component 2 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX M: OCBF10-3-4X-U 
                                   
(a)                                                                      (b) 
                             
(c)                                                                      (d) 
                                
(e)                                                                      (f) 
Figure M.1. Static response of OCBF10-3-4X-U (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                                
(c)                                                                      (d) 
Figure M.2. Dynamic response of OCBF10-3-4X-U to GM#5, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                                   
(c)                                                                      (d) 
Figure M.3. Dynamic response of OCBF10-3-4X-U to GM#8, component 2 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
 
 
102 
 
APPENDIX N: OCBF16-3-4X-U 
                              
(a)                                                                      (b) 
                      
(c)                                                                      (d) 
                           
(e)                                                                      (f) 
Figure N.1. Static response of OCBF16-3-4X-U (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                                       
(c)                                                                      (d) 
Figure N.2. Dynamic response of OCBF16-3-4X-U to GM#5, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                            
(c)                                                                      (d) 
Figure N.3. Dynamic response of OCBF16-3-4X-U to GM#8, component 2 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX O: OCBF10-3-3X-NU 
                            
(a)                                                                      (b) 
                                 
(c)                                                                      (d) 
                         
(e)                                                                      (f) 
Figure O.1. Static response of OCBF10-3-3X-NU (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
               
(c)                                                                      (d) 
Figure O.2. Dynamic response of OCBF10-3-3X-NU to GM#20, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                                              
(c)                                                                      (d) 
Figure O.3. Dynamic response of OCBF10-3-3X-NU to GM#21, component 2 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX P: OCBF16-3-3X-NU 
                          
(a)                                                                      (b) 
                                   
(c)                                                                      (d) 
                          
(e)                                                                      (f) 
Figure P.1. Static response of OCBF16-3-3X-NU (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                                               
(c)                                                                      (d) 
Figure P.2. Dynamic response of OCBF16-3-3X-NU to GM#20, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                            
(c)                                                                      (d) 
Figure P.3. Dynamic response of OCBF16-3-3X-NU to GM#21, component 2 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX Q: OCBF10-3-3CHV-U 
                            
(a)                                                                      (b) 
                             
(c)                                                                      (d) 
                                
(e)                                                                      (f) 
Figure Q.1. Static response of OCBF10-3-3CHV-U (a) base shear vs. story drift (pushover 
curve); (b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized 
column demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                                     
(c)                                                                      (d) 
Figure Q.2. Dynamic response of OCBF10-3-3CHV-U to GM#2, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                                             
(c)                                                                      (d) 
Figure Q.3. Dynamic response of OCBF10-3-3CHV-U to GM#12, component 2 (a) base shear 
vs. time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
 
 
 
 
 
 
 
114 
 
APPENDIX R: OCBF16-3-3CHV-U 
                                 
(a)                                                                      (b) 
                                 
(c)                                                                      (d) 
                             
(e)                                                                      (f) 
Figure R.1. Static response of OCBF16-3-3CHV-U (a) base shear vs. story drift (pushover 
curve); (b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized 
column demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                                             
(c)                                                                      (d) 
Figure R.2. Dynamic response of OCBF16-3-3CHV-U to GM#2, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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 (a)                                                                      (b) 
                                     
(c)                                                                      (d) 
Figure R.3. Dynamic response of OCBF16-3-3CHV-U to GM#12, component 2 (a) base shear 
vs. time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX S: OCBF10-3-4CHV-U 
                             
(a)                                                                      (b) 
                                
(c)                                                                      (d) 
                              
(e)                                                                      (f) 
Figure S.1. Static response of OCBF10-3-4CHV-U (a) base shear vs. story drift (pushover 
curve); (b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized 
column demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                                    
(c)                                                                      (d) 
Figure S.2. Dynamic response of OCBF10-3-4CHV-U to GM#7, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                                 
(c)                                                                      (d) 
Figure S.3. Dynamic response of OCBF10-3-4CHV-U to GM#21, component 1 (a) base shear 
vs. time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX T: OCBF16-3-4CHV-U 
                               
(a)                                                                      (b) 
                                   
(c)                                                                      (d) 
                            
(e)                                                                      (f) 
Figure T.1. Static response of OCBF16-3-4CHV-U (a) base shear vs. story drift (pushover 
curve); (b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized 
column demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                              
(c)                                                                      (d) 
Figure T.2. Dynamic response of OCBF16-3-4CHV-U to GM#7, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                                  
(c)                                                                      (d) 
Figure T.3. Dynamic response of OCBF16-3-4CHV-U to GM#21, component 1 (a) base shear 
vs. time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX U: OCBF10-3-3SX-U 
                               
(a)                                                                      (b) 
                                
(c)                                                                      (d) 
                           
(e)                                                                      (f) 
Figure U.1. Static response of OCBF10-3-3SX-U (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                       
(c)                                                                      (d) 
Figure U.2. Dynamic response of OCBF10-3-3SX-U to GM#1, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                          
(c)                                                                      (d) 
Figure U.3. Dynamic response of OCBF10-3-3SX-U to GM#8, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX V: OCBF16-3-3SX-U 
                                  
(a)                                                                      (b) 
                                   
(c)                                                                      (d) 
                                
(e)                                                                      (f) 
Figure V.1. Static response of OCBF16-3-3SX-U (a) Base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                                     
(c)                                                                      (d) 
Figure V.2. Dynamic response of OCBF16-3-3SX-U to GM#1, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                             
(c)                                                                      (d) 
Figure V.3. Dynamic response of OCBF16-3-3SX-U to GM#8, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX W: OCBF10-3-4SX-U 
                                
(a)                                                                      (b) 
                                  
(c)                                                                      (d) 
                              
(e)                                                                      (f) 
Figure W.1. Static response of OCBF10-3-4SX-U (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                          
(c)                                                                      (d) 
Figure W.2. Dynamic response of OCBF10-3-4SX-U to GM#2, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                            
(c)                                                                      (d) 
Figure W.3. Dynamic response of OCBF10-3-4SX-U to GM#11, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX X: OCBF16-3-4SX-U 
                                
(a)                                                                      (b) 
                               
(c)                                                                      (d) 
                          
(e)                                                                      (f) 
Figure X.1. Static response of OCBF16-3-4SX-U (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                         
(c)                                                                      (d) 
Figure X.2. Dynamic response of OCBF16-3-4SX-U to GM#2, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                          
(c)                                                                      (d) 
Figure X.3. Dynamic response of OCBF16-3-4SX-U to GM#11, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX Y: OCBF10-4-4X-U 
                               
(a)                                                                      (b) 
                                      
(c)                                                                      (d) 
                             
(e)                                                                      (f) 
Figure Y.1. Static response of OCBF10-4-4X-U  (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                                
(c)                                                                      (d) 
Figure Y.2. Dynamic response of OCBF10-4-4X-U to GM#5, component 2 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                              
(c)                                                                      (d) 
Figure Y.3. Dynamic response of OCBF10-4-4X-U to GM#12, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX Z: OCBF16-4-4X-U 
                                 
(a)                                                                      (b) 
                                  
(c)                                                                      (d) 
                            
(e)                                                                      (f) 
Figure Z.1. Static response of OCBF16-4-4X-U (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                                
(c)                                                                      (d) 
Figure Z.2. Dynamic response of OCBF16-4-4X-U to GM#5, component 2 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
 
 
 
 
140 
 
                                  
(a)                                                                      (b) 
                                  
 (c)                                                                      (d) 
Figure Z.3. Dynamic response of OCBF16-4-4X-U to GM#12, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX AA: OCBF10-4-5X-U 
                               
(a)                                                                      (b) 
                                
(c)                                                                      (d) 
                         
(e)                                                                      (f) 
Figure AA.1. Static response of OCBF10-4-5X-U (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                                                                                                                      
(c)                                                                      (d) 
Figure AA.2. Dynamic response of OCBF10-4-5X-U to GM#5, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                                                      
(c)                                                                      (d) 
Figure AA.3. Dynamic response of OCBF10-4-5X-U to GM#8, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX BB: OCBF16-4-5X-U 
                                   
(a)                                                                      (b) 
                      
(c)                                                                      (d) 
                             
(e)                                                                      (f) 
Figure BB.1. Static response of OCBF16-4-5X-U (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                                          
(c)                                                                      (d) 
Figure BB.2. Dynamic response of OCBF16-4-5X-U to GM#5, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                                            
(c)                                                                      (d) 
Figure BB.3. Dynamic response of OCBF16-4-5X-U to GM#8, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX CC: OCBF10-4-4X-NU 
                                   
(a)                                                                      (b) 
                             
(c)                                                                      (d) 
                                
(e)                                                                      (f) 
Figure CC.1. Static response of OCBF10-4-4X-NU (a) base shear vs. story drift (pushover 
curve); (b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized 
column demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
  
(c)                                                                      (d) 
Figure CC.2. Dynamic response of OCBF10-4-4X-NU to GM#5, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
 
 
 
 
 
 
 
 
 
 
149 
 
                  
(a)                                                                      (b) 
                  
(c)                                                                      (d) 
Figure CC.3. Dynamic response of OCBF10-4-4X-NU to GM#11, component 1 (a) base shear 
vs. time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX DD: OCBF16-4-4X-NU 
                         
(a)                                                                      (b) 
                           
(c)                                                                      (d) 
                         
(e)                                                                      (f) 
Figure DD.1. Static response of OCBF16-4-4X-NU (a) base shear vs. story drift (pushover 
curve); (b) tier drift vs. story drift; (c) brace axial response (d) Deformed shape; (e) normalized 
column demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                  
(c)                                                                      (d) 
Figure DD.2. Dynamic response of OCBF16-4-4X-NU to GM#5, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                  
(c)                                                                      (d) 
Figure DD.3. Dynamic response of OCBF16-4-4X-NU to GM#11, component 1 (a) base shear 
vs. time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX EE: OCBF10-4-5CHV-U 
                               
(a)                                                                      (b) 
                                      
(c)                                                                      (d) 
                          
(e)                                                                      (f) 
Figure EE.1. Static response of OCBF10-4-5CHV-U (a) base shear vs. story drift (pushover 
curve); (b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized 
column demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
              
(c)                                                                      (d) 
Figure EE.2. Dynamic response of OCBF10-4-5CHV-U to GM#5, component 1 (a) base shear 
vs. time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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Figure EE.3. Dynamic response of OCBF10-4-5CHV-U to GM#8, component 1 (a) base shear 
vs. time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX FF: OCBF16-4-5CHV-U 
                              
(a)                                                                      (b) 
                                                           
(c)                                                                      (d) 
                           
(e)                                                                      (f) 
Figure FF.1. Static response of OCBF16-4-5CHV-U (a) base shear vs. story drift (pushover 
curve); (b) tier drift vs. story drift; (c) brace axial response (d) deformed shape; (e) normalized 
column demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                          
(c)                                                                      (d) 
Figure FF.2. Dynamic response of OCBF16-4-5CHV-U to GM#5, component 1 (a) base shear 
vs. time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                       
(c)                                                                      (d) 
Figure FF.3. Dynamic response of OCBF16-4-5CHV-U to GM#8, component 1 (a) base shear 
vs. time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX GG: OCBF10-4-5SX-U 
                                
(a)                                                                      (b) 
                        
(c)                                                                      (d) 
                        
(e)                                                                      (f) 
Figure GG.1. Static response of OCBF10-4-5SX-U (a) base shear vs. story drift (pushover 
curve); (b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized 
column demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                       
(c)                                                                      (d) 
Figure GG.2. Dynamic response of OCBF10-4-5SX-U to GM#5, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                               
(c)                                                                      (d) 
Figure GG.3. Dynamic response of OCBF10-4-5SX-U to GM#8, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX HH: OCBF16-4-5SX-U 
                               
(a)                                                                      (b) 
                                 
(c)                                                                      (d) 
                              
(e)                                                                      (f) 
Figure HH.1. Static response of OCBF16-4-5SX-U (a) base shear vs. story drift (pushover 
curve); (b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized 
column demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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   (a)                                                                      (b) 
                       
(c)                                                                      (d) 
Figure HH.2. Dynamic response of OCBF16-4-5SX-U to GM#5, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                         
(c)                                                                      (d) 
Figure HH.3. Dynamic response of OCBF16-4-5SX-U to GM#8, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX II: OCBF10-4-8SX-U 
                        
(a)                                                                      (b) 
                                   
(c)                                                                      (d) 
                                       
(e)                                                                      (f) 
Figure II.1. Static response of OCBF10-4-8SX-U (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                    
(c)                                                                      (d) 
Figure II.2. Dynamic response of OCBF10-4-8SX-U to GM#15, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
                       
(c)                                                                      (d) 
Figure II.3. Dynamic response of OCBF10-4-8SX-U to GM#20, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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APPENDIX JJ: OCBF16-4-8SX-U 
                              
(a)                                                                      (b) 
 
(c)                                                                      (d) 
 
(e)                                                                      (f) 
Figure JJ.1. Static response of OCBF16-4-8SX-U (a) base shear vs. story drift (pushover curve); 
(b) tier drift vs. story drift; (c) brace axial response; (d) deformed shape; (e) normalized column 
demands at mid-height of Tier 1; (f) normalized column demands at Tier 1 level.  
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(a)                                                                      (b) 
                            
(c)                                                                      (d) 
Figure JJ.2. Dynamic response of OCBF16-4-8SX-U to GM#15, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
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(a)                                                                      (b) 
           
(c)                                                                      (d) 
Figure JJ.3. Dynamic response of OCBF16-4-8SX-U to GM#20, component 1 (a) base shear vs. 
time and tier drift vs. time; (b) brace shear vs. story drift; (c) normalized demands in both 
columns at two location; (d) brace axial response. 
 
